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OBJECTIVE: The overall objective of this project was to determine the neural
factors which are involved in the regulation of the cardiovascular
system during various stresses. To achieve these objectives, we
have investigated factors which influence the control of heart rate
under normal laboratory conditions as well as during stresses such
as myocardial ischemia, acute volume expansion or depletion and
during exposure to positive acceleration. Our second objective
was to establish the contribution of neural reflexes originating
from receptors located in the cardiopulmonary and sinoaortic regions
on the beat-to-beat control of the heart and the peripheral circu-
lation under various laboratory stresses and during the stress of

positive acceleration.

This detailed report is broken down into sections. Each section is

a separate phase of the overall study. They are as follows:




1. FACTORS INFLUENCING THE INTRINSIC CONTROL OF HEART RATE.

A. interaction of Acetyicholine and Norepinephrine on Heart Rate

Responses of isolated rat atria to acetylcholine (Ach) indicate that
onset of bradycardia occurs when concentration in the bathing solution
reaches 10-8 molar. The degree of slowing is directly proportional to
the concentration of Ach. All hearts stopped or nearly stopped when Ach
concentration reached lO-b M. Norepinephrine produced tachycardia. On-

8 5 M. The dose-

set occurred at 10 ° M and peak response occurred at 10”0
response curves established the control values against which other com-
parisons could be made.

When norepinephrine was added to the bathing solution prior to estab-
lishing a dose-response curve for acetylcholine, it had little influence
on the response of the atrium to acetylcholine at concentrations of 10-9
or ]0-7 M. At concentrations of 10-5 M of norepinephrine, the threshold
of responsiveness to Ach was higher as was the EDSO’ although the peak
response was similar to the control value. This indicates that only at
high doses of norepinephrine are low doses of Ach interfered with. High
doses of Ach were still not influenced by prior tissue exposure to high
doses of epinephrine.

When acetylcholine was added to the bathing solution prior to estab-
lishing a dose-response curve for norepinephrine, a definite influence was

7y,

observed when the -~ .entration reached 10 The same was true for
IO—5 M Ach. The peak responses were also reduced at these concentrations.
Thus, acetylcholine definitely inhibits both tne onset and magnitude of

responses to norepinephrine.

B. Experimental Heart Failure Effects on Atrial Response to Norepinephrine

-]3 _

Chronotropic and inotropic responses to norepinephrine (NE) (10

10-5 M) were obtained for isolated rat atria. Eleven to seventeen days




postoperatively, tissue was taken from 14 sham-operated controls and i6
rats with experimental heart fallure produced by aortic constriction.
Presacrificial heart rates were higher in constricted animals (K .01) but
not different from shams when isolated in the tissue bath. Chronotropic
change was observed in the heart failure group at IO-13 M NE, while sig-
8 M

nificant change in the control group was seen at 10~ NE. The maximum

heart rate changes for NE occurred with 10-5 M for both groups. Positive

inotropic changes were observed in the heart failure group at 10-13 M NE,
while the earliest change in the control group was at lO-9 M NE. The
maximum inotropic response for both groups occurred at l0-6 M NE. ED

50
for the two groups was not significantly different. These findings show

that rat atria are more responsive to low levels of NE after heart fail-
ure than are controls. This is consistent with observations that note a
defect in uptake and storage of NE in this type of experimental conges-
tive heart failure. If such an abnormality makes increased quantities
of NE available at the receptor site at low circulating NE levels, indi-
viduals in congestive heart failure might be hyper-responsive to normal

blood NE levels.

2. BEAT-TO-BEAT REGULATION OF HEART RATE BY AFFERENT STIMULATION OF THE AORTIC
NERVE. (See Appendix Reprint #1)

Repeated electrical stimulation of the aortic nerve, when confined
to one cardiac cycle, caused heart rate reduction in the anesthetized
rabbit. The average fall in heart rate due to supramaximal stimulation
was 8.4 + 0.3 beats/min (+ SEM). Extent of bradycardia was more closely
related to total number of impulses within the stimulus burst than to
either burst duration or impulse frequency. The latency to onset of

the response could not be altered by changes in any of the stimulus para-




meters, nor could it be related to the position of the stimulus burst
within the cardiac cycle. These results indicate that beat-to-beat
regulation of heart rate can be accomplished when afferent aortic
activity is altered.
3. LEFT VENTRICULAR FUNCTION DURING ACUTE REGICNAL MYOCARDIAL ISCHEMIA. (See
Appendix Reprint #2)

The effects of acute 1-min. occlusion of the left circumflex coronary
artery on the inotropic state and performance of the left ventricle were
examined in adult mongrel dogs. The inotropic state, as indicated by
changes in the maximum derivative of left ventricular pressure in the
pre-ejection phase and the maximum derivative of the transverse interna,
diameter, were diminished during the ischemic period. The end-systolic
diameter increased 3.8 + 0.6 mm while the end-diastolic diameter increased
only 0.4 + 0.2 mm, although the end-diastolic pressure increased 6.9 +
0.6 mmHg. Progressive decreases in the stroke volume paralleled the ap-
parent reduction in myocardial fiber shortening in the transverse plane.
Cardiac output and arterial pressure declined, concurrently, thus maintain-
ing a constant peripheral increase during the occlusion. Acute coronary
occlusion also caused an apparent increase in the myocardial wall stiff-
ness, as judged by the increase in the slope a of the equation dP/dV = aP
+ B, the increase of the slope of the pressure-diameter relationship, and
the decrease in the rate of lengthening of the diameter during diastole.
These findings suggest that acute myocardial ischemia results in an imme-
diate reduction in the effective inotropic state and an apparent increase
in the myocardial wall stiffness in the transverse plane. Both of these

changes resulted in a decrease in performance of the left ventricle.




4.

5.

SPECIFICITY OF AUTONOMIC INFLUENCES ON CARDIAC RESPONSES DURING MYOCARDIAL

ISCHEMIA. (See Appendix Reprint #3)

A possible role of the autonomic nervous system in the left ventri-
cular response to acute regional myocardial ischemia was sought in conscious
dogs instrumented for measurement of left ventricular pressure, internal
diameter, and aortic flow. |Ischemia produced by occluding the left circum-
flex coronary artery caused tachycardia and reduced contractility. Changes
during control occlusions were compared with those during occlusion after
beta-adrenergic blockade, parasympathetic blockade, and combined sympathe-
tic and parasympathetic blockade. Beta-blockade did reduce the tachycardia
and slightly reduced left ventricular diameter changes in response to coro-
nary occlusion. Results obtained in animals following surgical cardiac
sympathectomy indicated reduced tachycardia and no effects on other para-
meters. The principal effect of parasympathetic blockade was to augment
the increase in end-diastolic diameter during occlusion. Right atrial pac-
ing indicated this change was due to higher initial heart rates. Combined
parasympathetic and sympathetic blockade did not alter inotropic responses
to coronary occlusion. Results indicated that inotropic support due to
changes in activity in autonomic nerves is not increased during acute oc-

clusion of the left circumflex coronary artery.

REFLEX HEART RATE CONTROL VIA SPECIFIC AORTIC NERVE AFFERENTS IN THE RABBIT.

(See Appendix Reprint #4)

Reflex bradycardia was elicited in rabbits via repetitive electrical
stimulation of the central end of the sectioned ieft aortic nerve. Supra-
maximal stimulation produced 16.9 + 1.3% (SE) increase in the R-R interval
when vagal and sympathetic efferent pathways were intact. Reducing the
stimulation voltage allowed selective stimulation of the myelinated (A)

fibers, and polarizing electrodes placed central to the stimulus site per-




mitted A fiber blockade and selective stimulation of the unmyelinated (C)
fibers., When afferent A fibers were selectively stimulated, 64% of the
maximum response was obtained; selective C fiber activation elicited 63%
of the maximum observed response. Selective stimulation of A or C

fibers after either vagotomy or stellectomy indicated that A fj ber affer-
ents elicit heart rate responses via both vagal and sympathetic efferents,
whereas C fiber afferent information is mediated predominantly via vagal
efferents. This afferent-efferent specificity of the aortic baroreceptor
pathways suggest baroreceptor mechanisms normally used to modulate heart
rate, Small increments in blood pressure would activate low-threshold A
fibers and result in reciprocal changes in vagal and sympathe.ic efferent
activity. More substantial increases in blood pressure would activate
afferent C fibers and produce additional heart rate effects via vagal

efferents,

6. CARDIOVASCULAR CHANGES DURING AND FOLLOWING 1-MIN EXPOSURE TO +GZ STRESS.
(See Appendix Reprint #5)

Magnitude and duration of cardiovascular responses following +GZ
forces of 1 - 5 G were studied in chronically instrumented anesthetized
dogs. During lower G forces (+] to +3GZ), responses were variable. In
most dogs during higher G forces (+4 or +5 GZ), aortic pressure, cardiac
output, left ventricular pressure, and dP/dt were all dramatically com-
promised. These changes were observed whether the onset of the gravita-
tional inertial force was slow (0.) G/s) or rapid (1.0 G/s). Cardio-
vascular changes after acceleration were consistent. Left atrial pres-
sure and arterial pressure rose and a transient rise in dP/dt was often

observed. Cardiac output rose briefly, then fell; hence, peripheral

resistance Increased. Magnitude and duration of these changes were directly




related to G forces during acceleration. Our results confirm that
+GZ stress produces major cardiovascular changes. Our experiments
also demonstrate that responses following +GZ stress may be dramatic
and prolonged. Increased peripheral resistance elevates perfusion
pressure and, concurrently, the increased preload may cause acute
cardiopulmonary congestion.
7. THE ROLE OF NEURAL FACTORS IN THE CARDIOVASCULAR RESPONSE TO ACUTE VOLUME
LOADING. (See Appendix Reprint #6)

The influence of the cardiac sympathetic nerves (CSN) and arterial
baroreceptors on the cardiovascular responses to acute volume loading
(AVL) was investigated in 20 conscious dogs. All animals were previously
instrumented with electromagnetic flow probes for the measurement of
cardiac output (C0), catheters for measuring left atrial pressure (LAP)
and arterial pressure (AP). AVL increased LAP (15 mmHg), CO (+1439 cc/
min), HR (28 b/min) and AP (13 mmHg) while decreasing peripheral resistance
(PR) (-0.87 PRU, 37%). In all 5 animals, baroreceptor denervation did not
alter the above responses to volume loading. Surgical section of the
sympathetic innervation to the heart, in & animals, significantly reduced
the AHR to volume loading (35 to 21 b/min) and, consequently the CO was
less (1863 to 977 cc/min). Since the AP response was unaltered, the de-
cline in PR to volume loading was significantly less (-0.52 PRU as com-
pared to -0.88 PRU). In 5 animals, selective removal of the left CSN
had no effect on the responses to AVL, while in other animals, initial
removal of the right CSN significantly reduced AHR from 35 to 17 b/min.

Vagal blockade resulted in a fall or no change in HR, during AVL.



However, a small positive AHR response to AVL was observed after combined
vagal blockade and bilateral cardiac sympathectomy. Epinephrine infusion

augmented the AHR response to AVL with or without cardiac sympathetic in-
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nervation, These observations suggest the AHR is mediated via the vagus
and the magnitude is modulated by the cardiac sympathetic nerves.

8. CARDIOVASCULAR RESPONSES TO ELECTROCARDIOGRAM-COUPLED STIMULATION OF RABBIT

AORTIC NERVE. (See Appendix Reprint #7)
Electrical stimulation of the rabbit's aortic nerve during one or

more cardiac cycles resulted in a reflex fall in heart rate and mean arter-
ial pressure (MAP). The onset of bradycardia and of fall in MAP were in-
dependent of the number of beats stimulated. The initial siope of the
heart rate and MAP responses increased as the number of beats stimulated
increased, reaching a maximum at five beats of stimulation. Bradycardia
peaked 8 and 10 beats after the end of one and two cycles of stimulation,
respectively, while the peak response occurred at, or prior to, the end of
stimulation when 12 or more beats were involved. Onset and recovery of
both responses were consistent, and seldom did MAP indicate a return toward
control during stimulation, Thus, central nervous system modulation of
sympathetic activity to the peripheral vasculature was sustained as long as
the aortic nerve input was maintained. However, reflex control of heart
rate was more complex, invzlving simultaneous alteration in both vagal and
sympathetic efferent activity.

9. REDUCTION IN BAROREFLEX CARDIOVASCULAR RESPONSES DUE TO VENOUS INFUSION IN

THE RABBIT. (See Appendix Reprint #8)
We studied reflex bradycardia and depression of mean arterial blood

pressure (MAP) during left aortic nerve (LAN) stimulation before and after
volume infusion in the anesthetized rabbit. Step increases in mean right

atrial pressure (MRAP) to 10 mmHg did not result in a significant change in




heart rate or MAP. After volume loading, responses to LAN stimulation
were not as great and the degree of attenuation was proportional to the
leve. of increased MRAP. A change in responsiveness was observed after
elevation of MRAP by only 1 mmHg, corresponding to less than a 103 in-
crease in average calculated blood volume. After an increase in MRAP of
10 mmHg, peak responses were attenuated by 44% (heart rate) and 52% (MAP),
and the initial slopes (rate of change) were reduced by 46% (heart rate)
and 66% (MAP). Comparison of the responses after infusion with blood and
dextran solutions indicated that hemodilution was an unlikely explanation
for the attenuation of the reflex responses. Total arterial baroreceptor
denervation (ABD) abolished the volume-related attenuation »f the cardio-
vascular responses, whereas attenuation was still present following bilat-
eral aortic nerve section or vagotomy. |t thus appears that the carotid
sinys responds to changes in blood volume and influences the reflex cardio-
vascular responses to afferent stimulation of the LAN. On the other hand,
cardiopulmonary receptors subserved by vagal afferents do not appear to be
invelved.

10. HEMODYNAMIC RESPONSES TO CORONARY OCCLUSION IN EXERCISING DOGS (See Appendix

Reprint #9)

Exercise (EX) induces increased left ventricular function whereas
coronary occlusion depresses the heart. Their combined stress effects on
cardiac dynamics are unknown. Seven mongrel dogs were trained to run on
a level treadmill and then surgically instrumented to record left ventricu-
lar pressure, thereby permitting evaluation of systolic (LVSP) and end-
diastolic (LVEDP) pressures, the maximum derivative (dP/dt) and heart rate
(HR). Aortic flow probes were implanted to yield stroke volume (SV) and
cardiac output (CO). Cuff occluders were placed around the left circumflex

coronary artery. After full recovery, responses to coronary occlusion (Occ)




at rest and during EX, 6-8 mph, were compared. Measurements were taken
approximately 3 minutes after onset of EX and 50 seconds after onset of
Occ. During EX, all control values were elevated above resting controls:
i.e., HR (96-196 b/min); SV (32.8-33.9 mi/b); CO (3.39-7.03 1/min);
dP/dt (3171-4751 mmHg/s); LVSP (123-161 mmHg); LVEDP (3.6-6.8 mmHg).
Occ caused further increases in HR and LVEDP at rest and during EX but
produced decreases in all other parameters measured. Changes due to Occ
were parallel in all cases except HR and CO when rest and EX were compared.
Tachycardia due to resting Occ was significantly greater than that obser-
ved due to Occ during EX (29 vs 9 b/min). The fall in CO during EX occlu-
sion was significantly greater than the small fall in CO due to resting
occlusion (1.32 vs 0.13 1/min). 1t is apparent that the effects of Occ
on myocardial function at rest and during moderate EX are similar; however,
CO is compromised by ischemia during EX since increases in heart rate no
longer compensate for the fall in stroke volume.

11. CARDIOVASCULAR PROTECTION WITH AN ANTI-G SUIT DURING SUSTAINED +G, STRESS.

(See Appendix Reprint #10)

Lightly anesthetized dogs underwent one minute exposure to +GZ accel-
eration both with and without a bladder type anti-G suit. Prior chronic
instrumentation permitted evaluation of left ventricular internal diameter,
heart rate aortic arch pressure, left ventricular pressure, left ventri-
cular and diastolic pressure, left ventricular dP/dt, aortic flow and
total peripheral resistance. During +BGZ acceleration without the suit
inflated, all dynamic parameters were depressed and transient tachycardia
was observed. After acceleration ceased, all pressures and dP/dt exceeded
control levels. Inflation of the anti-G suit during +3GZ acceleration
eliminated the dramatic effects observed both during and after acceleration

stress. During +6GZ with the anti-G suit inflated, arterial pressure and

sinsdetantuste
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dP/dt were maintained whereas left ventricular end-diastolic pressure and
total peripheral resistance were much elevated and heart rate was depres-
sed. At the onset of G stress, internal diamet:  of the heart always fell
transiently. Otherwise, diameter was not significantly affected by any
of the experimental cond:i:ions. The results suggest that the anti-G suit
provides important maintenance of perfusion pressure at high sustained G;
however, with the anti-G suit inflated, central venous pressure is drama-
tically elevated and heart rate significant.y depressed. Thus, the bene-
ficial effects which provida twlerance to high G are accompanied by

potentially detrimental effects.

INFLUENCES OF SELECTIVE CARDIAC DENERVATION N CORONARY REACTIVE HYPEREMIA IN

DOGS. (See Appendix Manuscript #11)

Mongrel dogs were chronically instrumented to mei:ture left circumflex
coronary flow, arterial pressure, left ztrial pressure, ECG, heart rate and
in some cases, left veirricular pressure or cardiac output. A cuff-type
occluder vas placed distal to :the coronary flow probe. Total occlusion
of the left circumflex coronary artery for one minute in unsedated, rest-
ing dogs produced reactive hyperemia with an average replacement/deficit
ratio of 2.63/1. In 11 dogs sympathetic influences were investigated by
chronic surgical cardiac sympathectomy. Surgical section of all aasae
subclaviae reduced responses from 2.61/1 to 1.67/1 (P< .001). Left sym-
pathectomy alone had no effect on the replacement/deficit ratio whereas
selective right sympathectomy reduced it from 2.25/1 to 1.38/1. Pharmacolo-
gical blockade was used to determine beta-receptor involvemeny in the re-
sponses. In 9 intact dogs, practolol (10 mg/kg) reduced the reactive hyper-
emia ratio by 12% (P<.05). Propranolol (1 mg/kg) further reduced this ratio
by 30% (P<.001). Our results indicate that sympathetic beta influences

work primarily through the right cardiac sympathetic nerves. Also, the




magnitude of the response appears to be due, in part, to increased
metabolic activity associated with myocardial q receptors and heart
rate increase as well as active vasodilation through 82 receptors.
13. RABBIT CARDIOVASCULAR RESPONSES DURING VASOACTIVE DRUG INFUSION AT FIXED
CAROTID PRESSURE. (See Appendix Preprint)

In anesthetized rabbits, peak reflex bradycardia (AHR) and depres-
sion of mean arterial blood pressure (AMAP) were measured during maximal
central stimulation of the left aortic nerve (LANS). Responses were
quantified: (i) before and during steady state changes (+ 15 mmHg) in
the isolated carotid intrasinus pressure (ISP), and (ii) with ISP exclud-
ed from the circulation and maintained at a normotensive level (EP = ISP
= MAP) the MAP was changed + 20 mmHg by the infusion of either nitrogly-
cerin (NG), lysine vasopressin (AD) or phenylephrine (PE). Results indi-
cated that within + 11 mmHg of EP, the change in MAP per mmHg change in
ISP was 3, while AMAP due to LANS changed nearly double per mmHg change in
ISP. Following vagotomy a small increase in MAP was seen; however, cardio-
vascular responses to changes in ISP or LANS were unaltered. During drug
infusion with the carotid sinuses excluded from the circulation and ISP =
EP, peak AHR and AMAP to LANS were independent of the direction or magni-
tude of the drug induced change in MAP. When carotid baroreceptors were
allowed to detect the increase in MAP, the peak AHR and AMAP responses to
LANS were significantly reduced. These results suggest a high degree of
sensitivity of the carotid sinus baroreceptors around the animal's normo-
tensive region and that activity from these baroreceptors can modify re-
flex vascular tension even in the absence of significant change in heart

rate or arterial pressure.
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Beat-to-beat regulation of heart rate by afferent

stimulation of the aortic nerve

-

MERRILL B. KARDON, D. FRED PETERSON, AND VERNON S. BISHOP
Department of Pharmacology, University of Texas Health Science Center, San Antonio, Texas 78284

Karpon, MErrmL B., D. Frep PeTERSON, AND VERNON S.
Bxuor. Beat-to-beat regulation of heart rate by afferent stimulation of the
aortic nerve. Am. J. Physiol. 227(3): 598-600. 1974.—Repeated
electrical stimulatdon of the aortic nerve, when confined to one
cardiac cycle, caused heart rate reduction in the anesthetized
rabbit. The average fall in heart rate due to supramaximal simu-
ladon was 8.4 == 0.3 beats/min (==SEM). Extent of bradycardia
was more closely related to total number of impulses within the
sumulus burst than to either burst duration or impulse frequency.
The latency to onset of the response could not be altered by

. changes in any of the stimulus parameters, nor could it be related
to the positon of the stimulus burst within the cardiac cycle.
These results indicate that beat-to-beat regulation of heart rate
can be accompished when afferent aortc nerve activity is altered.

baroreceptors

ARTERIAL BARORECEPTORS are important sensors in the
reflex control of heart rate, systemic arterial pressure, and
vascular resistance (3, 8, 13, 14). However, the means by
which these receptors produce subtle modification of the
cardiovascular system is not known. For example, no in-
formaton is available to indicate whether or not changes
in baroreceptor nerve activity, when confined to a single
cardiac cycle, can alter cardiovascular function during
subsequent beats. If such reflex control does exist, the aortic
baroreceptors, because of their proximity to the outflow
of the left ventricle, would likely be involved. The aoruc
arch normally contains chemoreceptors as well as those
sensitive to changes in blood pressure. The aortic nerve in
the cat and dog carries information from both receptor
sources (6, 7). In additon, it is difficult to locate anatom-
ically, often being imbedded in the cervical vagus in the
dog and cat (7). We have used rabbits because the aortic
nerve is separate and easily identified ard is purported to
cary informatdon predominately of baroreceptor origin
(5, 12). In this study, we examined the magnitude and
latency of the heart rate response resulting from the stimu-
ladon of the rabbit’s aortic nerve during a single R-R in-
terval,

METHODS

Rabbits weighing 1.5-2.0 kg were anesthetized with
sodium pentobarbital 30 mg/kg iv. A femoral vein was
cannulated for supplemental administration of the anes-
thetic. Blood pressure was monitored using a Statham

P23dB strain gauge connected to a catheter in the femoral
artery. Needle electrodes were placed along the sternum
to monitor heart rate using a Beckman 9857B cardiotachom-
eter coupler. All parameters were recorded on a Beckman
R#411 oscillograph. A tracheotomy was performed and the
animals were artficially vendlated to assure the mainte-
nance of normal blood Pn:, Pcos, and pH. The left aortic
nerve (LAN) was isolated in the cervical region as previ-
ously described (11) and sectioned at a level 1 c¢m rostal
to the point of the sternum. The central end of the aortic
nerve was placed onto bipolar hook electrodes (platinum-
irridium) which were connected to a Grass SD9 stimulator.
A pulse from the cardiotachometer which was synchronous
with each R wave of the ECG activated the Schmitt trigger
of a DEC PDP 8/E digital computer. Electrical stimulation
of the LAN and contnuous calculation of each R-R in-
terval were accomplished using the computer. An experi-
mental wial consisted of 10 successive control heartbeats
followed by a burst of electrical impulses (simulus burst) in-
serted at a predetermined position within the next R-R
interval (11th beat). The response to stimulaton was
monitored until a total of 25 s had elapsed. Subsequent trials
were performed at I-min intervals using the same stimulus
conditions. After 10 successive trials had been summated, an
average R-R interval was calculated by the compurer for
each heartbeat during the control state and following the
stmulation. From these data, the peak changesin R-R inter-
val as well as the latencies to onset and peak response were
calculated. The latency to onset was measured as the dme
from the beginning of the simulus burst 1o the end of the first
R-R interval which exceeded the average control interval.
Latency to peak response was measured as the dme from
the beginning of the stimulus burst to the end of the long-
est heart interval monitored during the summated trials.

RESULTS

Previous studies in our laboratory have shown that dur-
ing continuous aortic nerve stimulation maxirrum changes
in heart rate can be elicited by a simulation frequency
of 80 Hz using 10-V rectangular pulses of 0.3 ms duration
(11). Using these parameters, we stimulated the aortic nerve
during one R-R interval (10 pulses at 80 Hz) to determine if
beart rate changes could be elicited. In 17 animals, the aver-

decrease in heart rate was 8.4 + 0.33 beas/min
(=SEM) from a resting level of 287 = 4.2 beats/min
(P < 0.001). Following the beginning of the stimulus burst,
the latencies to onset and peak response were 1.7 == 0.1 and




BEAT-TO-BEAT REGULATION OF HEART RATE
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ric. 1. Average heart interval response to left aorde nerve (LAN)
stimujation. A single sdmulus burst confined to 1 R-R interval is
applied to LAN at heartbeat 0. Changes in R-R (heart) interval in
miiliseconds are indicated cn ordinate. Numbers of heartbeats during
a 10-beat conwol period (w0 left of 2er0) and during response segment
(to right of :co) are shown on abscissa. 4. average response in 8
animals whena pulse numnber was fixed at 10. B: bursc duradon was
fixed at 123 ms (n = 6). C: pulse frequency was fixed at 80 puises/s
(n = 7). In each case a significant difference exisied at peak of re-
sponse P < .03; however, it is appareat that diference in peak re-
sponse when pulse number is fixed, part 4 is slight in comparison to
conditons in parts B and C.

9.2 = 0.3 intervals, respectively. Change in location of the
stimulus burst within the R-R interval had no effect on either
of the latencies or the peak response. Thus, refex heart rate
changes were initiated within one heart cycle following an
alteration in aortc¢ nerve activity during a single R-R in-
terval.

In order to investigate the influence of each of the three
variables of the surmulus burst on the heart rate response
(burst duratdon X impulse frequency = total impuise
number), each was held constant during 10 consecutive
triais. Figure 1 shows the relationship between changes in
R-R interval and elapsed heartbeats during a series of
mrials. In each panel (4, B, C) one of the three stimulus
variables, impulse number (4), burst duradon (B), or
impulse frequency (C), was held constant. A comparison
could then be made as the two re'nammg stimulus condi-
tons were altered.

Figure 14 illustrates the reflex heart interval response
(R-R interval) when the product of impulse frequency and
burst duration (impulse number) was held constanc at 10.
The response elicited by a stimulus burst duration of 125 ms
was compared to that elicited by a 62-ms burst. Thus,
impulse frequency was simultaneously increased from 80
t0 160 Hz. Since litde change in the reflex bradycardia was
elicited, increased impulse frequency at constant impulse
number does not markedly increase reflex heart rate modi-
fication via the aortic nerve. This is supported by the find-
ing that increases in the frequency of aortic nerve activity
in the rabbit in response to augmented aortic biood pres-
sure are the result of successive recruitment of nerve fibers
having higher pressure thresholds rather than by increased
firing rates of the individual fibers involved (2). The type
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of changes in nerve discharge that we produced by in-
creasing discharge frequency” at the expense of burst
duration might, therefore, be expected to occur in response
to increases in the slope and peak aortic pressure which
are not accompanied by sirnilar mean pressure changes.
In the intact animal, such an increase in slope and peak
of aortic pressure would stimulate a greater number of
individual fibers within a shorter period of time leading to
an increase in the whole-nerve discharge frequency during
the systolic phase, although burst duration would be shorter
for each cardiac cycle.

By contrast, when burst duration was fixed at 125 ms,
doubling the impulse frequency from 80 to 160 Hz, which
simultaneously increased total impulse number from 10 to
20, caused a 93% increase in peak reflex bradycardia
(Fig. 1B). Previously, when impulse number was fixed
(Fig. 14), increased impulse frequency had litde effect
on the response. Conscqucnt.ly. impulse number in the
aortic nerve appears w0 be 2n important reflex regulator of
heart rate.

Finally, impulse frequency was held constant at 80 Hz
while burst duration was increased from 62 1w 125 ms
which once again caused impuise number to double, this
time from 5 to 10 (Fig. 1C). This caused a 70 increase in
peak effect, again implicating the important influence of
total pulse number. Previous studies have demonstrated
that while individual baroreceptor fibers are recruited by
increased syswolic pressure in the aortic arch, increased
mean arterial blood pressure leads to increased whole-
nerve activity during the diastolic phase as well (1, 13). This
causes an increase in impulse burst duradon which may not
be accompanied by changes in peak systolic discharge fre-
quency. This condition is similar 1o that depicted in Fig. -
1C which leads to augmented bradycardia.

DISCUSSION

The proximity of the aortic baroreceptors 1o the outflow
of the left ventricle suggests that these recepiors may play
a vital role in the beat-to-beat regulation of the heart.
Indeed, our results show that alterations in aortic nerve
actvity in a single cardiac cycle can elicit significant
changes in the heart rate within the next heart cvcle. The
magnitude of the bradycardia is primarily dependent on
the total number of impulses delivered within the stimulus
burst. The ofisenting influence of impulse frequency and
burst duration on peak bradycardia, when impulse number
was held constant, infers an approximately equal influence
of frequency and duration. The nature of their inverse
relationship, however, precludes determination of their
independent influences on the reflex. Both the latency to
onset and latency to peak effect, when evaluated in terms
of the number of heartbeats following the stimulus burst,
are independent of stimulus impulse number and fre-
quency. Of course, the latency to peak effect, when evalu-
ated as a functon of time, increases as the response in-
creases since the time between beats becomes grearter. In-
creases in pulsatile aortic pressure have been shown 0 elicit
increases in the frequency of aortic nerve activity via fiber
recruitment primarily during the systolic phase (2). How-
ever, our results suggest that increased frequency of aortic
nerve activity in iwelf does not increase the reflex heart rate
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response when the stimulus burst duration is decreased.
Indeed, augmented pulse pressure, which might lead to
increased peak systolic discharge frequency and a shorter
burst duration, has been shown to have small rsflex cardio-
vascular efiects (1, 14). However, elevation of mean arterial
pressure increases the frequency of nerve acuvity during
both systole and diasiole (4, 13}, thus increasing both
stmulus burst duration and impulse frequency. Elevated
mean arterizl blood pressure has been shown to elicit
potent refiex cardiovascular effects (1, 8).

Recent studies in which the carotid sinus nerve was
stimulated indicate results similar to our findings for aortic
nerve stimulaton. In working unanesthetized dogs, Jonzon
et al. (9) showed that continuous stimulation frequencics
of 60-100 Hz caused a maximal initial effect on heart
rate. This supports our earlier findings in the rabbit (11)
2s well as the results of others using anesthetized dogs (7).
By conrtrast, steady-state blood pressure was maximally ef-
fected 2t stimulus frequencies in the 30- 10 50-Hz range.
In an allied study, Jonzon et al. (10) showed thaz the re-
flex blood pressure changes elicited by carotid sinus nerve
sumulation (CSNS) were primarily dependent on impulse
number rather than frequency. This supports our present
findings using the aortic nerve. They showed that intermit-
tent CSNS could elicit the same blood pressure eflect as
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Analysis of the rapid reflex conwrol of heart rate via
aortic baroreceptors on the basis of peak nerve discharge
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studied. The slight increase in reflex bradycardia elicited
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frequency indicates that the central integrative mechanismi
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in impulse number.
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Bisuop, VErnON S., Rosert L. Kaspar, Georce E. BarnEs,
AND MerRiLL B. Karoon. Left centricular function during acute regional
myocardial ischemia in the conscious dog. J. Appl. Physiol. 37(6): 785~
792. 1974.—The eflects of acute l-min occlusion of the left cir-
cumilex corona:y artery on the inotropic state and performance of
the left ventricle were examined in adult mongrel dogs. The ino-
tropic state, as indicated by changes in the maximum derivative
of left ventricular pressure in the preejection phase and the maxi-
mum derivative of the transverse internal diameter, were dimin-
ished during the ischemic period. The end-systolic diameter in-
creased 3.8 = 0.6 mm while the end-diastolic diamete r increased
only 0.4 = 0.2 mm, although the end-diastolic pressu re increased
6.9 = 0.6 mmHg. Progressive decreases in the stroke volume
paralleled the apparent reduction in myocardial fiber shortening in
the transverse plane. Cardiac output and arterial pressure declined,
concurrently, thus maintaining a constant! peripheral resistance
during the occlusion. Acute coronary occ,usion also caused an
apparent increase in the myocardial wall st flness as judged by the
increase in the slope 2 of the equation dP/dV = aP 4 B, the in-
crease of the slope of the pressure-diameter relationship, and the
decrease in the rate of lengthening of the diameter during diastole.
These findings suggest that acute myocardial ischemia results in
an immediate reduction in the effective inotropic state and an
apgarent increase in the myocardial wall stiffness in the transverse
plane. Both of these changes resulted in a decrease in performance
of the left ventricle.

coronary artery occlusion; myocardial fiber shortening; dP/d¢

ALTHOUGH NUMEROUS STUDIES have demonstrated that left
ventricular function is compromised during myocardial
ischemia (7, 9, 11, 12) and infarcdon (16, 17), relatively
little is known concerning the immediate changes in left
ventricular function in conscious animals during acute
myocardial ischemia. Most of our present information has
been derived ecither from acute animal studies (7, 12, 31)
or from patients during stress-induced angina (11). Fur-
thermore, recent studies in patients have suggested that,
during ischemia, increases in myocardial wall stiffness may
severcly limit and cause mnsxmetprcxanon of the Frank-
Starling reserve (9, 11). Therefore it is the purpose of this
studv to evaluate, in conscious dogs, the reduction in left
ventricular performance during acute regional myocardial
ischemia. We attempted to identify, as contributing f(actors,
changes in the inowopic state, extent of myocardial fiber
snortening, and ventricular wall stiffness.

To accomplish these aims, left ventricular pressure,
transverse internal diameter, and siroke volume were meas-
ured before and during acute 1-min occlusions of the left
circumflex coronary artery.

METHODS

Surgery. In 13 adult mongrel dogs (16-20 kg) sterile
thoracotomies were performed under methoxyflurane anes-
thesia. By using the technique previously described (3, +,
20), wwo sonomicrometer transducers were implanted on
the endocardial surface of the left venuicle—one on the
anterior and the other on the posterior left ventricular wali.
Through a second stab wound near the apex a calibrated
solid-state pressure transducer (Konigsberg Instruments,
P-18) was implanted in the left ventricle. A previously
calibrated electromagnetic flow probe was placed around
the ascending aorta, and an 18-gauge polyvinyl catheter
was placed in the left atrial appendage. The left circumflex
coronary artery was exposed close to its origin and an
occlusive device, similar to that reported by Chimoskey et
al. (8), was placcd proximal to the first segment of the
vessel. In some animals a small electromagnetic flow probe
was placed proximal to the cuff. A careful dissection was
performed in order to minimize any gross damage to the
nerve supply of the artery. Occasionally, small branches of
the lefe circumflex were sacrificed during the dissection,
but in no circumstances did this lead 10 a damaged area as
judged from visual observations and pathological examina-
tion at autopsy. The electrical leads, catheters, and diszal
end of the occluding device were exteriorized at the back
of the neck. Approximately two weeks were allowed for
recovery and, at the time coronary occlusions were per-
formed, body temperature and ECG were normal.

Measuring of flow, pressure, and diameter. A Zepeda SW F1
electromagnetic flowmeter was used to detect aortic Jow
and coronary blood flow. The flow probes were calibrated
in vitro before implantation and rechecked after the animals
were killed. In some cases the in vivo calibration of the
aor_ic flow probes was checked by using dye dilution tech-
niques, and in all cases the calibrations agreed within 37
The signal in late diastole was assumed to represent zero
aortic flow. Zero coronary flow was determined by occlu-
sion of the coronary arterv. Stroke volume was obtained
from aortic flow by aralog integration of each ejection
period, using a Philbrick operational amplifier.
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Left ventricular transverse internal diameter was ob-
tained by use of a sonomicrometer which measures the
mean transit time for a burst of 3 mHz ultrasound between
the two piezoelectric crystals at a sampling rare of 5,000
times per second (30). Since the velocity of sound in blood
is known, transit time is convertible to distance.

Lcft ventricular pressures were measured by Konigsberg
Instrument P-18 solid-state pressure transducers (3, 18-20).
The sensitivity of the transducers normally remains stable
during implantation. On occasion, under local anesthetics,
catheters were inserted into the left ventricle to verify the
calibrations of the wransducers. The reliability of the trans-
ducers was also estimated by comparing the left ventricular
pressure with the arterial pressure at the time of ejection.
Since a routine check of zero left ventricular pressure by a
catheterization technique was not possible, the zero drift
was normally corrected by adjusting left ventricular end-
diastolic pressure to equal mean left atrial pressure at the
beginning of the experiment while the animal was resting
quietly on its right side (3, 4, 28).

Differentials of pressure and diameter were obtained by
using an SQ10A operational amplifier. (Analog Devices) or
bv digital. techniques (23). The analog derivative was
checked by differentiating a sine wave, using the opera-
tional amplifier. The phase shift was 90° and the amplitude
of the differential output was linear benween 0.5 and 100
Hz. The differental was calibrated using a triangular wave.

Mean’arterial pressures were recorded through a catheter
implanted in the left carotid artery. Routine electrocardio-
grams were recorded with subcutaneous needle electrodes.
Electrical evaluation of the ischemia produced during
coronary occlusion was obtained with a standard precordial
electrocardiogram, with the indifferent electrode connected
to the ground of the coronary Row probe when the probe
was not used. Peaking of the T-wave with S-T segment
elevation was observed in each animal during the period
of ischemia.

Recording. All signals were inscribed simultaneously on a
Tvpe R Beckman oscillographic recorder and an Ampex
FR 1300 magnetic tape recorder. Tapes were analyzed
with a Philco 3000 Digital computer after analog-to-
digital conversion. The left ventricular internal diameter
and aortic flow and the integral of aortic flow were exam-
ined as a function of the R-R interval of the electrocardio-
gram. Integrated aortic flow and left ventricular pressure
were computed as a function of left ventricular diameter
(3, 4, 18, 28). ' ,

Protocol. The coronary artery occlusive devices were
checked in vioro as to the pressure and volume required to
occlude the various size arteries. To assure the effectiveness
of the occluding device, in vivo transient occlusions were
performed at the time of implantation. During the occlu-
sion experiments identical volumes and pressures were used
to occlude the coronary artery. In those animals with
coronary flow probes the occlusion of the circumflex coro-
nary artery eliminated blood flow into the artery within 3s.

Resting measurements were obtained while the animal
was lying quietly on it right side, unsedated and unre-
strained. Following these measurements the left circumflex
coronary artery was occluded for | min and released. Addi-
tional occlusions were performed only after all parameters
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had rewrned to the preocclusive level. This was accom-
plished within 90 s. Occlusions were performed on at least
two separate days in each’animal, and hemodynamic alter-
ations were reproducible at &= 10%. As demonstrated by
the statistical analysis in Table 1, the group response was
also reproducible. Statistical comparisons were made using
the ¢ test for paired dacta. P values < 0.05 were considered
significant.

Ta evaluate the effects of increases in the initial preload,
the left ventricular end-diastolic pressure (LVEDP) and
the end-diastolic diameter (EDD) were increased in Sve
animals by intravenous infusion of Tyrode solution (37°C)
(2, 3) and occlusion was performed. The LVEDP was
raised in each animal 10 a level significandy higher than
the control level, but care was taken not 10 raise the LVEDP
to levels which produce reflex tachycardia.

In three animals, changes in EDD during elevation in
preload by intravenous infusions of Tyrode solution were
compared to the changes in EDD resulting from coronary
occlusion. To maintain a continuous rise in LVEDP, similar
to that observed during acute coronary occlusion, Tyrode
solution was infused (300400 ml/min) into a catheter in
the left jugular vein. The total volume infused ranged from
400 to 600 ml. This volume did not significandy alter the
hematocrit (3, 4). The increments in EDD resulting from

_these increases in LVEDP were compared to those observed

during coronary artery occlusion at similar LVEDP.

In four additional animals instrumented with aortic flow
probes, infusions were performed using the above tech-
nique. When the stroke volume became fixed at a maximum
level, mean left atrial pressure response was noted.

Estimation of ventricular wall stiffness. The passive elastic
modulus during diastole, as defined by Diamond and For-
rester and associates (9, 10) was used to estimate the change
in myocardial wall! stiffness during coronary artery occlu-
sion. With this method the equation dP/dV = 4P + B
linearly relates the reciprocal of compliance during diastole
to the pressure during diastole. The slope a of the equation
is used to signify changes in myocardial wall stifiness. The
derivative of pressure (dP) is approximated by the change
in left ventricular pressure during diastole and is equal to
the left ventricular end-diastolic pressure (LVEDP) minus
the left ventricular pressure following systole, ESP (AP =
EDP — ESP, Fig. ). The derivative of volume (dV) was

TABLE . Jverage values and meen changes during
coronary artery occlusion in 13 dogs :

f ]
i

| e o

Condiion | Opic, | Sk oo, Mo Rate prauee,
vom@n | |

Control 17127 1.4950.29 11412 | 1019

Coronary occlusion ' 144231  1.00£0.23 : 148=12 | 85%18

Aean difference ~27=0t —.50==0.30¢; 35+9¢ : —~16=6"*
No. of paired ob- ; 13 13 LU ¥ T 9
servations . } ‘

Values corresponding to controi and during coronary occlusino
are means = SEM. Mean difference & SD compares the changes
between control and coronary occlusion. *P <005 tP <
0.001.
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F16. 1. Analog recording of aortic flow (AF), stroke volume (SV),
left ventricular gressure (LVP), left ventricular internal diameter
{LVID), and left ventricular end-diastolic pressure (LVEDP) is
shown before and during the peak response to occlusion of the left
circumfies coronary artery. ESP = minimum left ventricular pressure
after systole; EDP = LVEDP; EDD = left ventricular internal end-
diastolic diameter; and ESD = left ventricular internal end-systoiic
diameter. The change in volume (QV) during diastole is equated to
the preceeding stroke volume (SV).

approximated by ‘the stroke volume during a steady-state
condition. In the present study, the slope a of the above
relationship was evaluated in five dogs before and during
occlusion of the coronary artery. Calculations of dP and P
were similar 10 those described by Diamond and Forrester
and coworkers (9, 10).

Critique of methods. Investigators using a variety of tech-
niques have confirmed that the canine left ventricle ejects
blood primarily by shortening in the transverse plane and
that changes in the apex-base plane are slight (1, 29).
Studies in this laboratory have established a linear relation-
ship between the volume ejected and the greatest transverse
internal diameter (3, 4, 18, 28). Left ventricular internal
diameter and volume changes have been related in non-
beating hearts as well as in the spontaneously beating
hearts of conscious dogs (2, 6). Furthermore, during passive
distension of the left ventricle in nonbeating hearts, diame-
ter changes linearly with volume, while pressure varies as
an exponential function of volume as shown in Fig. 2. In
six animals the linearity of the diameter-volume relation-
ship was highly significant (P < 0.001), as was the expo-
nentiai relationship of pressure and volume. Thus, these
experiments confirm the utility and reliability of the use of
left ventricular transverse internal diameter as an index of
volume change.

The placement of the sonomicrometer transducers with
respect t0 the ischemic tissue was evaluated by: /) injecting
latex or silastic into the left circumflex coronary artery at
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ric. 2. Relationship of left ventricular internal diameter and pres-
sure to volume in a nonbeating heart.

autopsy, and dissecting the area of distribution (7 dogs);
2) electrocardiographic changes in one acute dog, using
electrodes placed directly on the left ventricle; 3) visual
observations of discoloration during a test occlusion at the
time of surgery (all dogs); and #) histological sections fc!-
lowing a permanent occlusion (1 dog). In all cases the
transducers were implanted in normal myocardial tissue.
In four additional dogs myocardial blood flow distribution
was evaluated before and during coronary occlusion by
using the radioactive microsphere technique. The perfusion
of the ventricular tissue surrounding the area of implanta-
tion was unaltered by coronary occlusion.

Mpyocardial wall stiffness. Recent studies have provided a
clearer insight into the pressure-volume (P-V)) relationship
of the left ventricle (9, 10). The P-V relationship obrained
in these studies was approximated by an exponental re-
lationship. The reciprocal of compliance, dP/dV, was thus
a linear function of pressure (P). The slope a of the equa-
tion dP/dV = aP 4 B was shown 10 be related to the wall
stiffness and was termed the passive elastic modulus. This
index was a quantitative measure of ieft ventricular wall
stiffness; the wall stiffness is a méasure of the passive stress-
strain characteristic of the left ventricle and determines
how well the ventricle will expand for a given diastwolic
pressure. The slope « was independent of ventricular size
and rate of change of pressure, and was only slighdy affected
by changes in left ventricular geometry. AP/AV is an aver-
age of dP/dV during diastole. Since the pressure gradients
from the beginning to end of diastole are relatively small,
further division of the gradients would result in additional
inaccuracies. Another approach would be to take the differ-
ential of the left ventricular pressure and diameter during
diastole, but, reliable differentials of the pressure during
this portion of the cardiac cycle are difficult to obtain. Thus,
in our conscious animal studies, the AP, AV obtained by the
method of Diamond appears preferable to other methods.

RESULTS

Thirty-cight acute coronary occlusions were performed
in 13 conscious dogs. The average response and the mean
differences are shown in Table 1 and Table 2. In eleven
animals, 1-min occlusions of the left circumfiex coronary
artery did not result in an overt display of pain. Two ani-
mals may have had a moment of discomfort, for each
extended its left leg ac the onset of the occlusion period.

Figure 3 illustrates a tvpical ventricular response to acute
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TABLE 2. Average values und mean changes during
ceranary artery occlusion in 13 dogs

! I Lelt \nmcula.r

yLeit Ventricular | Inuuul Dnumler

| Pressure (LV P) Peak dD/ds ; Peak dP/d¢

|
I

Condition 'P L. . | s ; P Rel
€a Esd ! E Sys ! Dia. | STe  Relaxas
,} s dus;t‘ghc. diastolic,| s)mtgﬂc, ! wore, : su:l‘e.;‘ "’,:"f' ten,
mmity, BMHE | A o | ™= P3| it | Hers
i—_: i i : | :
Control | N3 6.2; 31.3] 23.2|—67; 99| 2813 2398
P23 x1.7 0 282 27.8 x4 %18 2663 | £388
Coronary | 101, 13.3 1 31.6 | 27.0 | —9; 39| 269 1788
occlusion %22 =2.5 | =8.1 | £8.2 | &0 =17 =453 | %334
Mean dif- | =I5t 6.9! 0.4| 38 —18 —t i—342| 623
ference | %3° 0.7t =0.2%] =0. Gf{ =4 f’ -‘-4t~‘-IOSti =84

Values corresponding to control and during coronary occlusion
are mean £ SEM. Mean difference = SD compares to changes
Setween coatrol and coronary occlusion. dD/d¢, Maximum deriva-
tive of LVID. dP,d¢, NMaximum derivative of LVP. * P <L 0.035,
tP <00l

occlusion of the left circumflex coronary arterv. As coro-
nary blood” flow fell to zero, left venwicular end-svstolic
diameter (ESD), heart rate (HR), and left ventricular
end-diastolic pressure (LVEDP) increased progressively
toward a level which was constant during the occlusive
period. Maximum changes were reached 37.8 = 85 s
2fter opset of the occlusion. This response was reproducible
in a single’ animal or group of animals from day to day.
During the l-min occlusion there was peaking of the T-wave
on the electrocardiogram. Venrtricular ectopic beats or
oremature beats were seldom seen during occlusive periods.
Postocclusion recovery of left ventricular performance was
complete within 90 s

The most dramatic response to occlusion of the coronary
artervy was observed in the elevation of the end-svstolic
diameier (3.3 = 0.6 mm) (Fig. 3, Table 2). The average
;ateney for the initial changes in ESD was 5.6 = 1.95s. In
contrast, the cnd-diastolic diameter (EDD) was little
sFected by the occlusion cespite increases in filling pressure
LVEDP, 5.9 = 0.7 mmHg). The decline in stroke volume
"=0.30 = 0.20 ml beats-kg) (Table ) reached a maxi-
mum value in 37.8 % 8.3 s and was correiated with the
cecuction in the extent of shoriening in the transverse
alane. Heart rate was elevated in each animal in response
:0 the occlusion of the left.circumilex coronary artery (33 =
3 bears min; Table 1) (26) and the cardiac outpurt fell
zrogressively during the occlusions, reaching a maximum
Jecrease (—27 £ 6 mi/min-kg; Table 1) at 27.7 = 78 s.
Tkre cardiac output was maintained in some animals when
:he elevation in heart rate offset the fall in stwroke volume.
\When the cardiac output was maintained by the tachvcar-
Zia, the extent of the fall in arterial pressure was reduced
1nd the onset of the change delayed.

Le{( ventricular peak systolic pressure decreased an

verage of 13 = 3 mmHg. The maximum derivatives of
et ventricular pressure during sysiole (dP dt*) and during
-slaxation (dP d¢'} decreased 342 # 103 mmHg/s and
323 = 84 mmHg s, respectively (Table 2). The peak
:noriening rate, as indicated by the derivative of the left
entricular internal diameter during ejection, (—dD.ds)
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F16. 3. An analog recording as obtained before occlusion (Occ.
QN of the left circumdex coronary artery, during occlusion and im-
mediately following the occlusion (Oce. OFF). The recordings from
the tnp to dottom are aortic blood dow (\F, stroke volume (SV), left
ventricular pressure {LVP), left ventricular transverse internal diamn-
eter ‘LVIDI, inean left acrial pressure (MLAPY, arterial pressure
{AP), heart rate (HR), electrocardiogramn (ECG,, derivative of left
ventricular pressure (L\ dP/dn, derivative of left ventricular internal
diameter LV dD/ds). Time between occlusion on (Oce. ON) and
occlusion off (Occ. OFF) is | inin.
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fell from 67 2='14 mm/s 10 49 2 10 mm,’s while the pcak
rate of lengthening (dD*)/dt of the diameter declined from
99 = 18 mm’s to0 39 = 17 mm/s (Table 2). The latencies
for alterations in the derivatives of pressure and diameter
were similar and occurred .mmediately following the in-
crease in ESD.

Figure 4.4 illustrates aortic flow, left ventricular internal
diaineter, and pressure as a function of time between the
R-R interval before and during the peak response to coro-
nary occlusion. The normal near-linear relationship be-
tween left ventricular internal diameter and stroke volume
was maintained throughout the ischemic peried. The
reduction in volume ejected was the result of an increase
in end-systolic diameter since the slope of the stroke volume-
diameter relationship was not significantly altered (Fig.-
48). Fig. 5 shows the average changes that occur in stroke
volume and left ventricular internal diameter during occlu-
sion. The change in stroke volume was directly related to
the reduction in stroke dxamczcr (EDD-ESD) during the
occlusion (Fig. 3B).

In Fig. 6, EDD and ESD are plotted as functions of
LVEDP in a single animal. When left ventricular end-
diastolic pressure was increased by intravenous infusion of
Tyrode solution, the increment in EDD exceeded the incre-
ment in ESD. On the other hand, when the LVEDP was
increased in response to the reduction in coronary blood
flow, there was little change in EDD, while ESD increased
beyond that observed during the intravenous infusion. In
both of the conditions lllustrazcd the heart rate response
was simnilar. Similar differences in the response to incre-
menes in LVEDP resulting from intravenous infusion and
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fig. +. 4. Digital computer printout of aortic flow (AF), left
ventricular internal diameter (LV'1D), and left ventricular pressure
betore and during the peak response to coronary occlusion. B: Rela-
tionship of stroke vohune (S\') and left ventricular pressure to left
ventriculae internal diameter (L\'1D). Each curve is an average of
10) cunsceutive beats.
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Fic. 3. A: The effects of coronary occlusion on stroke volume (SV)
and left ventricular internal diameter (LVID) in 7 dogs. @ = left
ventricular internal end-diastolic diameter (EDD); ¢ = left” ven-
tricular internal end-systolic diameter (ESD). B: Relationship be-
tween stroke volume and stroke diammeter (AD) during occlusion.
AD = EDD - ESD.
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Fic. 6. Comparison of chzages in left ventricular incernal diameter
during diastole (EDD) and systole (ESD) during elevations in fiiling
pressure resulting from isotonic intravenous infusion of Tyrode’s solu-
tion (INF) or due to acute occlusion of left circumflex coronary
artery (COCQ).
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coronary occlusion were observed in three animals studied.
When coronary occlusion was performed following initial
increases in LVVEDP (7.0 mmHg) and EDD (1.] mm),
LVEDP was significantly elevated over the conuol re-
sponse (140 = 2.2 mmHg), while EDD was unaltered
(Table 3). With this exception, the ventricular responses to
coronary occlusion before and aftcr increases in preload
were similar.

Figure 7 illustrates changes which occur in stroke volume
and mean left atrial pressure as a result of coronary occlu-
sion at rest and at the peak of the intravenous infusion.
At rest, coronary occlusion decreased the streke volume
5.4 ml (17.2 — 11.8 mi) and increased the mean left atrial
pressure 7.0 mmHg. Acute volume loading during control
states increased the stroke volume to a maximum value of
22.8 ml with a change of 10 mmHg in mean left atrial
pressure. Subsequent occlusions of the coronary artery
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TABLE 3. AMean changes to coronary occlusion before and
sfter preload in five dogs

ANaVEE SO e | ek a0
Condition ! ' -
! End diastolic, ; Eod diastolic | Ead systolic, Diastole,
: mmHg mm | mm mm/s
; :
Control 6.41.21!0.5%£0.1* | 3.1=0.7* —344t
occlusion : !
Increased pre- . 14.0=2.21 1 0.2=0.2 | 3.3=0.8% | -—38%=7¢t
load occlu- ! } i

sion | [ ‘

Mean difference = SD resulting from coronary artery occlusion
are shown before (control occiusion) and following increased pre-
load occlusion. In the latter, the initial increment in preload
~esuited in mean increases in left ventricular end-diastolic pressure
{70 = 1.0 mmHg) and end-diastolic diameter (1.1 = 0.3 mm).
4D/d¢, Maximuin derivative of LVID. *P <003 %P <001
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f16. 7. Relationship of stroke volume and mean [eft atrial pressure
in a single conscious animal: during coronary occlusion (A——a);
during infusion {0~10 mmHg) (@——@) and during occlusion fol-
lowing infusion (10-22 mmHg) (@ ——@); and during recovery fol-
lowing release of the occlusion 20-7 mmHg) (C——2). At the peak
of the stroke volume curve (S\' = 22.8 cc and A MLAP = {0 mmHg)
the left circumflex was occluded. The occlusion was released at a
stroke voluine of 15.8 cc and a A& MLAP of 22 mmHg. The open
circles (C ——C) indicate the return of the parameters to precocciusion
values.

reduced the stroke volume to 13.7 ml and increased the
change in mean left atrial pressure t0 22 mmHg. As shown
in Fig. 7, release of the occlusion resulted in a return of the
stroke volume to the original curve. Because of the large
increases in mean left atrial pressure, stroke volume output
curves were not attempted during occlusion.

In Fig. 8, AP/AV is shown as a function of the mean left
veatricular diastolic pressure (P) during the peak response
io coronary occlusion. A significant lincar relationship was
obtained between AP/AV and mean left ventricular diastolic
pressure during control states and during coronary occlu-
sion. The slope of the curve provides an index of left ven-
tricular wall stiffness, a. During occlusion, the slope a was
significantly elevated (P < 0.01), suggesting that the wall
stiffness increased during acute regional myocardial ische-
mia. The increase in wall stiffness observed following ocelu-
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Fia. 8. AP/AV is plotted versus mean diastolic pressure P. The
stroke volume was used as a measure of AV. The correlation coefficient
for the control data (@) isr = 0.891, P < 0.02. For curve representing
the peak effect during coronary occlusion (0) the correlation coefi-
gient is 7 = 0.970, P < 0.0l. The slopes were significantly different
(P < 0.00).

sion of the left circumflex coronary artery is also illustrated
by the alteration in the left ventricular diastolic pressure-
diameter curves shown in Fig. 48. During coronary occlu-

sion the left ventricular end-diastolic diameter is not sig-

nificandy increased, although the LVEDP is substantially
elevated. For any given diastolic diameter, the left ventricu-
lar pressure is higher than that observed during the coatrol
state. This results in an increase in the slope of the pressure-
diameter relationship during coronary artery occlusion.
The slope of the pressure-diameter curve increased from
2.33 = 0.4] 10 4.58 = 0.65 mmHg/mm during coronary
artery occlusion.

As stated above, these observed changes in wall stiffness
were accompanied by reductions in the inotropic state of
the heart as reflected by significant reductions in dP ‘d¢
(max) and dD/d¢ (max). However, there was a much
larger reducton in the derivative of the left ventricular
internal diameter during relaxation (4! ). This reduced
rate of myocardial muscle fiber lengthening, coupled with
an elevated left ventricular end-diastolic pressure, is con-
sistent with the obsecrved changes in myocardial wall
stiffness.

DISCUSSION

This study provides the first comprehensive analysis of
the effects of regional myocardial ischemia on the left
ventricle of conscious dogs. The responses 10 repearted: | -min
occlusions of the left circumflex coronary artery were re-
producible with respect to time, to maximum change, and
to the extent of the change. The maximal change occurred
at 38 s after the onset of the occlusion, with no later evi-
dence of changes in ventricular function. The diameter
recordings before, during, and after occlusion were similar
in contour.
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Acute regional myocardial ischemia resulted in a reduc-
tion in the inotropic state of the heart as assessed by the
observed decrcases in dP/d¢ (max) and dD/d! (max).
Both of these variables have been previously shown to be
sensitive indices of the inotropic state (1, 14). Furthermore,
it is unlikely that these changes were significantly influenced
by the alterations which occurred in left ventricular end-
diastolic pressure, heart rate, or arterial pressure, all of
which have previously been shown to have minimal effects
on either dP,d¢ (max) or dD/d¢ (max) (1). Reductions in
dP dt (max) and dD/d¢ (max) most likely resulted from
the reduced contractile state of the ischemic portion of the
myocardium. The extent of shortening from any given
initial length was also severely compromised during the
ischemic period and resulted in a proportional reduction
in the stroke volume (Fig. 3). Since the relationship between
diameter and stroke volume is unaltered during ischemia,
one must assume the left ventricle is still ejecting blood
primarily by shortening in the transverse plane (9). The
degree of systolic ballooning (7, 16, 27, 32, 33) or asynchro-
nous contraction could not be evaluated in the present
study: The fact that the contour of the diameter recording
was similar before and during the occlusion suggests that
the effects of asynchrony were small. Placement of the
transducers in normal tissue may have minimized the
effect. It also seems unlikely that systolic ballooning, a
condition which disassociates the changes in stroke volume
from’the extent of shortening, could account for the above
ohservations. A more likely explanation would be the loss
of functional myocardial tissue. The veatricle is essentally
2 series arrangement of myocardial muscle fibers, and for
this reason, changes in the mechanics of the ischemic area
can affect the entire ventricle (15, 21). Therefore, the
recuction in dP‘d¢ (max), dD/dt (max), and the extent of
shortening may be due to a loss of functional myocardial
tissue (hvpokinesis) in the ischemic tissue. In isolated heart
studies, similar reductions in the extent and rate of short-
ening and the rate of tension developed have been observed
during hypoxia (34, 33).

[t is apparent from our results that regional myocardial
ischemia alters the normal relationship between left ven-
wricular flling pressure and the end-diastolic diamerer.
During ischemia, LVEDP increased without a correspond-
ing change in EDD. The slope of the pressure-diameter
relationship was also elevated. Assuming that changes in
left ventricular end-diastolic diameter reflect change: in
end-diastolic volume, it appears likely that the myocardial
wall is less distensible in the transverse plane. The above
assumption is supporied by the following evidence. /) The
left ventricle is part of a closed fluid-filled svstem and, as
such, changes in diameter during systole and diastole most
likely represent the same volume. 2) Mitchell er al. (23)
have shown that ventricular volume changes during systole
and diasiole are reflected by identical changes in the cross-
sectional areca of the left ventricle.” 3) In the nonbeating
heart. we have shown that left ventricular volume and
diameter change together while pressure and volume are
exponentially related (Fig. 1).

Using a more direct approach for estimating myocardial
wail stiffiness, we observed dramatic changes in stiffness
during ischemia. The index of stiffness during ischemia was
simnilar to that previously reported in patients with coronary
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artery discase (9), but different from that reported in
open-chested animals- during acute infarction (13). How-
ever, it is likely that in these studies the initial state of the
myocardium was compromised by the anesthetic and
experimental procedures. In our study the increment in
stiffness begins to take place shortly after the occlusion,
and a stable maximum increase in myocardial wall stiffness
is reached 30-60 s into the occlusion. When the occlusion
is released, the stiffness begins 10 return to its control value,
and it is fully restored to its control value 15-30 s after the
release. The rapid increases and restorations of myocardial
stiffness indicated that, at least acutely, these apparent
changes in myocardial stiffiness are related to the direct
effect of ischemia on the myocardium. Because of the
rapidity and reversibility of the changes, it is likely that
alterations are occurring in the biochemical mecchanism
responsible for relaxation (22-24). ’

Myocardial ischemia reduces the performance of the
heart, as illustrated by the reduction in the stroke volume
at rest and at the peak of the infusion response. Because the
extent of shortening from any given initial muscle length is
severely compromised, this reduction in the Frank-Starling
reserve is obviously related in part to the decline in the
inotropic state. Although not so obvious, increases in myo-
cardial wall stiffness may also have important functional
significance, since the Frank-Starling reserve of the heart
is dependent on the pressure-volume characteristics as well
as the ability of the heart to develop force in response 1o
distension. When the mvocardial wall stiffness is elevated,
greater increments in left ventricular filling pressures are
required 1o stretch the myocardium. Consequenty, al-
though the myocardium may still be capable of developing
an increased force, the stroke voiume or stroke work response
is less for any given increase in filling pressure. Thus,
increments in myocardial wali stiffness mav cause misinter-
pretaticn of the classic Frank-Starling function curve; but,
inore importantdy. it limits the Frank-Srarling reserve of
the heart, for exuremely high filling pressure may be re-
quired to stretch the myocardium.

Several investigaters (3, 9) have questioned, particularly
in the discased heart, the reliabiiity of left ventricular
end-diastolic pressure as an index of changes in left ven-
tricuiar end-diastolic size. lIncreases in left ventricular
stiffness or a failing heart could both result in similar
changes in left ventricular end-diastolic pressure. As pointed
out by Diamond and Forrester (9), a ventricular function
curve may not express the difference between changes in
ventricular stiffness and reduced inotropic state. Thus,
without an index of ventricular end-diastolic volume, the
exact functional status of the myocardium may be impos-
sible to determine. In the present study, failure to increase
the stroke volume during increments in LVVEDP could be
interpreted as simply a reduction in ventricular {unction;
however, the limitation of ventricular function may be in
part due to the apparent increase in stiffness of the left
ventricle.
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variabdes) s reached i 30 5 after the onset of the occtuston
The prosent study was designed 1o deterinmne whether or
not previousiv aeported retlex changes e the autononne
new - actiny w the heart during coronary ocelusion i
anesthetzed animals (b, 7, 20) nught be influencing the
change 1a cardiae perlormance 1 consciwous amnals 1),
Onc-nunute the lelt circumtlen coronary
artery were pedonned under control conditions, dunne
parassimpathetie blockade with atiopine, beta-adreneryaic
blockade with propranciol,  combined  phaimacological
blockade ol hoth divisions of the autonomic nervous sy~iem,
duning atne! pacing, and alicr bilateral cardiae svinpa-
thectomy,

ocelusions ol

ME1110DS
Instrumentation

Stetile thoracotomies were performed under imethoxy -
Qurane anesthesia e 24 adubt mongre! dogs (1320 ha)
In 15 animals, two sonomcrometer transducers were -
planted actoss the greatest nansverse diameter on the
endocardial surface of the anerior and posterior letr ven-
ticular wall using techuiques previowly deseribed (3, 4)
Through a stab wound near the apex, a cabibrated Komes-
bery ~olid-state pressure transdurer was implanted in the
left ventricke. In 10 animals, an cleetromagneue flow probe
was placed around the ascending aorta. Polyvinyl cathe-
ters were placed in the Ieft atrial appendage and into the
cond artery and jugular vein through o cervical m-
cision. The left cicutnfles coranary artery was exposed and
an ueclusive device similar to that reported by Chunoskes
et al. (9) was placed avound it near it ongin. Careful dis-
section minimized damage 1o the artery's nerve supply at
the tme of surgery. However, destruction of coronary nerves
which may result in autenuation of coronary reflexes was
possible. Intracircumflex corcnary injections of Veratrum
in animals which had not heen istrumented and in animals
instrutnented  with coronary How  probes and  occluders
demonstrated a depressor response in both groups. Thus,
viable reflex pathways renmuun intact in spite of the risk of
nerve damage during surgery. This was confirmed  bn
divect eleetrieal stimulation ol the ansic subclavia in theee
animals immediately alter istrumentation. To asuie the
cllectiveness of our oceluding device, in vivo traosent o -
clusions were pevformed it the time of implantieon and
presure required {or occlusion noted. During postimortem
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examination, the device was again checked. In anunals
contaimng coronary flowprobes, elhcacy of the ocelusive
procedure was verified since it always eliminated blood
flose in the artery within two 10 three second-

During the 2-wk recovery peried, the health of the ame
mals wis monitored by hematoerit and body temperature
examinations. All animals coukd exereise normally, and no
cleetrocardiographic abnormalitiee were present.

Aortie flow wax measured using 4 Zepeda SWIEL elee-
tromaenetic Howmeter. ‘The flow probes were calibrated
in vitro before implantation and recheckhed aiter the animals
were sacrificed. In some cases, the in vivo calibration of
the aortic How probes was checked by using dye dilution
techmiques and, in all cases, the calibrations agreed within
5. The signal in late diastole was assumed to represent
zero aortic flow Stroke volume was obtained by analog
integraton of the phasic aortic flow signal. Left ventricular
rransverse mternal diameter ‘was obrlained using a sono-
micrometer which measures the mean transit ume  for
5-mblz ultrasound between the two piczoclectric erystals
at a sampling rate of 5,000 times,’s. Since the velocny of
sound in blood is known, transit time was convertible to
distance. The sensiunvity of the solid-state pressure trans-
ducer 15 stable in vitro and in vivo (16). Significant zero
drift during unplantation does occur from day to day;
therefore, an independemt zero veference was needed 1w
tet the pressure at the beginning of cach experiment.
Catheters inserted into the left sentricie under local anes-
thesia bave, on occasion, heen used for a reference and wo
confirm the in vivo calibrations. The catheter which mcas-
weea bt ventricular end-dinstolic pressure was always
within | mmHg of the mean feft awial pressure duning
control conditions (4, 16). We have routinely used the left
atrtal pressure during control conditions as a reference for
the end diastolic pressure of the solid state’ pressure trans-
ducer, This method may allect the absolute levels of left
venticular pressure by as much as | ommlig but relative
values during the experiment are covreet (8).

Left avual and atenal pressure were measured thiongh
Sttha strain gauges (P2310) zeroed 1o the nudline of
the sternum. Bleerrocardiograms obtained  lrom
<ubeutancous needle cleewrades placed along the sternum.
Al signals were insenbed on type R Beckiman oscitlographic
recorder. The first derivative of the diameter and pressure
were recorded continuousty at rest and during the occlu-
aon of the circumilex coronarvy artery. Differentials were
obtained using a SQT0A operational amplifier (Analoguc
Deviees). The diflerentiator was calibrated using o tri-
angular wave generiator. The phase shift was 90° and the
amplitude was lincar hetween (0.5 and 100 Haz.

The Student f-test fur paired obscervation was used for
statistical analysis.

were

L xprrimental Interventions

Control. Resting measurements were obtained while the
ammal was lying quictly on its right side, unsedated and
unrestrained. The left circumflex coronary artery was oc-
cluded for 1 anin, then released. Following release of the
ucctusions, all parameters were allowed 1o return to the pre-
ocelusive level before additional ocelusions were performed.
This was usually accomplished within 90-120 s.

KASE AR, BARNES, PEVLKSON, AN BIsHOP

Autonomic blockade. Atropune (U1 g hg) was used o
produce parasympathetc blockade. Propranolol (05 1w
1.0 mg/kg) was used 1o produce beta-adrenergic blockade
Eflectiveness of the beta-blockade was assesed with o bolus
ol ixoprotercnol (4 5 pg) given prior w propranalol ad-
ministration as woell as several nunutes afterward U e
response 10 isoproterenol was climinated, the beta-adrener
gic blockade was judged 1o be complete; if not, onadditional
0.5 mg/kg of propranciol was administered. This alwins
resulted i the elimination of the response to soproterenaol
Complete . onumie blockade was achieved by combiming
atropine and propranolol in the doses described  abone
Once-minute ocelusions of the left circumflex cotonan
artery were caried cut on differeat dass in order to ex-
amine speeific eflects of parasympathetic, beta-adrenereic,
and commbined blockade.

Cardiac sympathectomy. During the wmitial wuegery, o loop
of thread was p'reed around the left ans subelavia o
seven dogs. Sterile surgery was performed agam 3wk L
in order w0 loop a second thread around the nght
subelavia. Both threads were exteriorized at the back o
the acek so that when pulled, the ansa subelavia would be
cut, thereby elimmating the sympathetic innervation of
the heart (21). The nerve section was alwavs performed
under general ancsthesin. To climinate the possabilinng o
partial cardiac denervation resulting from the nnplaninon
of the aortic flow probe, all animals used in this porton o
the study were not instrumented with flow probes on the
ascending aorta.

Pacing. To determine the effect of heint rawe alone, ~one
animals underwent right atrial pacing via o bnpolar pacimy
catheter passed intravenousiy via the jugula catheter it
the right atrivin. The pacing rate durning occlusion was <ot
1o cqual that achieved by the animal under parisvmpathen
blockadc with atropine.

RIS}

Critique of Method

Instrumentation the
micrometer and deft veneicular presswre tansdueer b
heen shown 1o be adequate (4). Fhe transyerse diamieser s
detected with the sonomicrometer has been shown to he
reliable index of changes i left ventrieubin solume wndes
variety of conditions which include alterations an jne
load, afterload, heart rate, and acute regional mvacandiad
ischemia (23). Asynchronoos ecomractions during ischennag
have been reported by numicrous investigators (14, 15, 27,
28), suggesting that the sonomicrometer  technique for
refating diameter changes 1o volume chianges nighn oo
always be reliable. However, as in previous studies, chanes s
in transverse avernal diuneter were linearlyv related o
volume cjected during control states and durnine the prodn
tion of an ischemie region of the mvocardinm Thus, even
thoueh nan
ischemia, musele shortening in the tramverse plane me
vemain the major contribuior 1o the volume cjeced. Sl
observations have been noted in elinical ctadies (L
Furthermore, the sonomicrometer  transducers are nen
placed in cardiac muscle which is rendered ischemie durine
the occlusion. This has been confirmed by analvas o
Silastic or latex injections into the civcumilex caronany
artery atl autopsy as well as clectrocardiographic changes

The Trequeney respaise ol

~eetor-

asynehronous  contractions vcear during
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ri 1 Lapennwental records depicting the alterations in the

avasireneng of left ventricular dsaamics before and during coronary
ey ochision, Symbols are the satne as i Table | except: MLAP,
cwan Jett aisd pressure; \F, pulsatile aortic low; 1LVP, left ven-
toentar presare; (GO, onset of coronary ucchision,

.n acute dogs and histological and visual ohservations in
animals with a permanently occluded circumflex coronary
artery,

RESULTS

The changes in left ventricular function are illustrated
by the changey in the various individual parameters in
Fig. 1 and Table 1. During control occlusions, the most
dramatic change was a rapid increase in the end-systolic
dimcrer (ESD) (3.3 £ 0.3 1inm) to a new constant level
(Fig 1). Since the end-diastolic diameter (EDI)) was only
slighily increased (0.8 £ 0.2 mm), the extent of shortening
(EDI-ESD) was significantly reduced (—2.4 =+ 0.4 mm).
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Thix reduction in extent of shortening parallels the dechine
in stroke volume (Fig. ), Table 1), Lelt ventricular end-
diastolic pressure and heart rate were increased  respec-
tvely (6.5 == 0.7 mmlbig and 33 & 4 beats/min) (Tanic ).
The maximum  derivative of el veotricular
during the precjection phase (dP/de) and the maximum
devivative of diameter douring cjection (dDde), which
have heea previously idemitied 1o be reliable mdices of
the inotropic state of the beare (2, 12) were signilicantly
veduced (Table 1) Che changes noted above agree with
those previously revocted auring acute ischemia and in-
dicate significant reductions 1 the extent and rate of
myocardial fiber shortening 3, 11, 15).

When atropine was administered 1o conscious animals,
the resultant vagal blockade caused significant increases
in heart rate (116-174 Ixats/min). Stroke volume and
EDD were reduced as a result of the tachycardia while
ESD) was not significantly changed (Table 1). This resulied

prcssun:

TABLE L. Drug effects and responses to coronary occlusion

Heta-Rlockade

Conteaol Atropine
LVEDP, R 3.8£0.5 2.240.5% 32207
mmmHg O (4) 6.9 740 5.7¢1.0 6.9%0.1
N 24 14 24
HR, beais R ot 1744020 10543
min [¢ AV RAE T A 742ttt 172ttt
N L 14 24
AP, g R Y74 [RAF N MM
O (A) =lox2%* — 132 — 10)+2
N 17. 12 17
LVID R 29,0k1.3 ~28.6+3.9°* 30 .H4:1 .4
EDD, 0 (a) .80 .2% 2,040 4t .00, 21
nm N 15 b 13 -
[ (1)) - 22.7+1.5 23.5+4.3 RETES I A
ESD, 0 (a) S350 4o $.341.0 2. 740,44
nan N [ [ [
LVID AD, R 0.9%0.5 5.240.6* 6.24+0.5°
nun O Q) —=2.420.4°** —-1.74£1.0 —2.14+03
N 13 6 13
NMax db) ‘e, R 58k 4 5710 44 4t
iy O (\) — 124 40 —~21=x. -8+
N 13 O 13
Max dP/de, R 2741 21538 29900172 2237 £215°
mmllg s O (A) —476263*** — 403081 — 2108
N It U] 16
SV, ol R 246422 M 1x£l.7°*  26.3+£26
beist O () —8.2407%* 40620994t —7.5%£0.7
N 11 0 1t

Symibals: R, resting value; O (4), maximnn change during

occelusion; N, nwnber of anials; LVEDP, left ventricular ¢nd
diaswolic pressure; HR, heart rate; AP, arterial pressure; 1LVID,
fely vencricular internal diaacter; EDD, ead-diastolic diamneier;
ESD, end-systolic dinmerer; 3D, difference (EDD-FSD); max
A dt, maxinnny derivative of diasmeier change doring syswole;
nax dP ‘dr, maximum devivadive of pressuce at the onsed of syswole;
SV, stroke volume. Statistical comparisons with control resting
vitlues are indicated by *; comparisons with control changes during
ucelugion . Cortd <005 **or tt P <000 ot ur
1t P < .00l
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in a reduction in the extent of shortening, although (P, d¢
and dD'dt were relatively unallected. These efiects of
heart rate during vagal blockade have been reported pre-
viously (3). Coronary occlusion during vagal blockade
resulted in considerably greater increases in EDD (2.0 +
U.4 mm) accompanied by significantly less fall in stroke
volume (Table 1), while the heart rate response was sub-
stantially less (7 & 2 beats’'min) when compared with
ronirol responses. The responses of the other variables were
similar to the control response although a small but sig-
nificant inhibition in the fall in dP/d¢ during occlusion
was ohserved (Table 1),

Since EDD was significantly increased due 10 corvonary
occlusion after atropine, the cllects of atropinc-induced
tachvcardia were examined. When the animals were frec
of drug interventions, heart rate was clevated by right
atrial pacing to levels similar 1o those produced by atropine.
Changes in EDD due to occlusion-induced ischemia during
pacing were found to be the same as those alter atropine
admmistration (Fig. 2).

The left ventricular response to beta-adrenergic blockade
is characterized by increases in filling pressure, EDD, and
ESD. The increment in ESI) mav exceed the increment in
EDD (3). In these cases, the extent of shortening and
stroke volume are reduced. Arterial pressure is usually
unallected and heart rate may fall depending upon the
“initial rate. Small reductions oceur in both phases of dP/d¢
and dD/dt. } -

Afier  beta-adrenergic bloehade, the left ventricular
response 0 coronany artery -cocclusion was  quiditatively
similar 1o control. Responses included ineveases in EDD and
ESD (03 & 0.2 mm and 2.7 & 03 mm, respectively),
while the extent of shortening (EDD-ESD) was reduced
(=21 % 0.3 mm). Left ventricular end diastolic pressure
was clevated 6.9 2+ 0.8 mmbg and heart rate increased
17 = 2 beats/min. The only significant alterations in the
response 1o coronary  ischemia  during  beta-adrenergie
blockade were less dramatic changes in the EDD, ESD),
and heart rate (Table 1), The eflect on heart rate has been
previously reported (23).

The reduction in the change in EDD and ESD seemed
most likely related to the enlarged heart alter beta-adrener-
gic blockade. This was investigated by studying seven ani-
mals which had undergone surgical cardiac sympathectomy
after intact occlusion responses had been obtained. The only
significant change in the resting values of the parameters

40 ~!
-t €00 __——" EDD
€ 1 ° -
£ i - r
s "1 / £so ' ”'4 ESD
e - 2
bl CONTROL 2.k ik
arts N
2“ bkttt st M — ]
: '
4 0 ( 0

tii. 2. Changes in end-diastolic and end-systolic diameter during
coronary occlusion, Heart rate was clevated with atropine and by
right wrial pacing. C, resting control value; O, maxinnmm response
10 ucclusion.
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TABLE. 2. Responses lo coronary occlusion

before and after surgical sympathectomy

. Sy al
Control 5_\,”::;“'" ",_my

LVEDP, mmlig R $.2%1.8 L 22 B
O ) 6.1 4% [ T |
N 7 7

HR, beats min R Mt LY R
O ) 26411 THitt
N 7 7

AP, nuully R UYEX] LIER)
0O (&) —log3*** EALES A
N 7 7

1.VID EDD, yum R KEDS R N 2ot T
O (3 0.840.2° 0420 !
N 4 4

LVID ESD, mmn R 270430 26,7589
O ) 2.540 5°** 2.8+0 4
N 4 4

SD LVID D, wum H 121 ol b
O Q) —2.4%1.7*°" -2 43 4
N 4 4

Max dD). dr, nun s i) NES R Wil 7
) (A =101 9 -0zl 2
N 4 4

Max dP dr, milie s R IZHE 183 iz il
O Q) =780 =R+
N 7 7

SV, mil. beat R ROMIES B 2 00
O ) =7 9£0.8%** 42411
N " 0

Al symbols are the sine as in Table |,

measured after cardiac sympathectomy was an increase m
left ventricular end diastolic presure even thoneh the
absolute change was smatl. This was abo observed e
beta-blockade. A< shown in Table 2, the inotropic responses
to I-min occlusion of the left circumflexs coronary artery,
after cardias sympathectomy, were similar o thoswe ab-
served inintact trials. The notable exception was reduction
in heart rate. As previously reported (23), surgical -
pathectomy reduced tachyeardia observed during coranas
occlusion (Table 2). In addition, a slightlyv greater ganih
cant fall in arterial pressure was observed (Table 2). Tiu
was probablyv related to the dramatic reducion in reehs

cardia in the sympathectomized animals. Thus, the <o
nificant change in EDD and ESD during ocelusion afr-
propranolol was duc to a secondary effect of the diue o
not o i change in sympathetic neural influence (Tabl

| and 2).

Sinee the basal metabolie state of the heart may 1o
tered by propranolol or cardiae sympathectomy, the vener,
inotropic responscs to coronary occlusion were obscive
after combined parasympathetic and sympathetic blackac
in four animals. Resting levels of dP/df and db) dr wer
fower than during control as observed after beta-blochae
alone. Average changes were: dP/dt, 2,730-2,328 mual iy
dD/de, 38 45 mm/s. Apparently, due to the elevan
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heart rate (11D 144 beats; min), vesting EDD was saller
(28.2 25.6 ) though ESD was not (2003 203 mm),
amilar 0 that observed after atvopine alone (Table 1)
Blood pressure was elevated (98- 110 munkg). Sinee heart
rate and blood pressure were substantially elevated  In
combined autonomic blockade, cardiac work presumably
had heen clevated above control fevels as'well. Coronary
oeclusion produced changes in dP dr (—332 Mg,/ min)
and dde (=13 mm/min) which were similar 1o those
seen after propranolol alone (Table 1). As in the case of
propranolol, the ditlevences [rom control were not signli-
cant. Increases in EDD were greater than conuol (1.6
mm) and ESD changes were similar to control (43.4 mm).
These responses arc comparable to those observed after
atropinc alonc. :

DISCGUSSION .

The cardiovaseular  changes, which  have  previously
been shown to occur during tainin coronary occlusion of
the left circumiflex coronary artery in conscious dogs and
which have been confirmed in this study, include immediate
reductions in stroke volume, extent and rate of myocardial
fiber shortening, and peak left ventriendar pressure and its
maxnnum derivative (3). Arterial pressure is slightly ve-
duced and tachycardia develops in assoeistion with the
clevation in mean left atrial pressare (5, 23). The tachy-
cardia has been shown o be reflex in nature partially due
to receptors in or near the heart with their efferent path-
wav carried primarily in the cardiae sympathetie fibers
arnsing from the right stellate ganglion (23). Thus, changes
that occur in response to acute mr ocardial ischemia initiate
heart rate changes via the sympathetic nerves. However,
duc to the direet depressant eflects of acute ischemia on the
mvocardium, previous studics have not atempted to in-
vestigate a possible supportive inotropic role for the auto-
nonuc nervous system which might be important in main-
tenance of cardiac function. Numerous investigations have
deseribed changes in ellerent nearal activity o the heart
during coronary occlusion in the anesthetized eau (6, 7,
201 and small reflex inotropic changes have been observed
during strong clectrical stimulation of cardiac atlerent
acrves (1, 19). Those studies indicate the potential for
reflexes arising fromn cardiopulmonary receptors; howeser,
theyv do not indicate what physiological or pathological
cwmulus, of any, produces reflex inotropic physiological
changes.

In the present study, the inotropic response to acute
mvocardial ischemia was essentially imaltered alter beta-
adrenergic receptor blockade or cardiac sympathectomy,
The major dilferenee observed was a change in the pre-
occludion resting values resulting diveetly from propranolol
mjection hut which was not observed due 10 nerve section
{Tables 1 and 2). Sinee the arterial pressuve declines
somewhat during ischemia, a reflex incrcase in the cardiac
svinpathetie activity would e expeeted (25). This has
been shown to oceur and contribute to tachycardia (23),
If such an increase had atlected the inotropic stte of the
heart, beta-adrenergic bloekade would have been expeeted
10 alter the normal response to ischemia by extending the
deercase in dP/dt, dD/di, and the extent of shortening.

This was not abserved. Either propranolol or eardiae
svinpathectony may depress the metabolic state ot the
heart. Yet, in these studies, 1t seems unlikely that the innial
basal state of the heart was a factor w the inotiopie chaoge -
observed during covonary occlusion. Adnmunisttation ol
atropine plus beta-blockade clevated arterial pressure and
heart rate above control but stll did nou alter the response
to coronary occlusion observed  aflter propranolol alone
Thaus, the alteved metabolic state of the heart did noe -
pear to mash a sympathete reflex neural influenee winch
might supporc the inovopic state ol the heart,

Malliam, schwartz, and Zanchetti (20) have reporiced
a cardiac retlex which is sometimes associated with inhibn-
tion of cardiac svmpathetic clerent actisity. Ajthoush
not statistically significant, there was a definite attenuation
in the average fall in dPsdt after beta-blockade in our « +-
periments (Table 1) which was consistent in 13 of 16 does
stuclied. This also appeared o be trae in the four does
treated with propranclol aud atropine as well as for those
anmimals treated with atropine alone. On the other and,
after cardiac sympathectomy, there was no change in the
dP/dt response observed. Thus, the attenuation in the [l
in dP/dt appears 1o he associated with drug efleets and 1
not related 0 changes in sympathetic cllerent activin

The major differenee observed hetween controf ocelusion
and occlusion after pavasympathetic blockade was 1ha
during ocelusion with  parasympathetie blockade, then
was a much larger change in the EDD. Such a large chanue
in EDD after atropine, pacing or beta-blockade plus awro-
pine may seem puzzling but was apparently related o the
higher heart vatese A probable explanation is related 1o
the resting lengrh-tension relationship of the myocardium,
Sarnoll’ and Mitchell (26) have shown that, at shenter
muscle lengths, the musele has i low resting tension and
given amount ol pressure will streteh it considerabiv. .\t
longer musele lengths, the musele has a higher resune
tension and the same amount of pressure swretches o
smaller amount. The inereased heart vate following pa -
sympathetic blockade reduced the EDD and the vesuny
tension of the myocardium. During ceclusion, the incrense
i filling pressure led to a greater increase in EDD andd
slightly less reduction in dP/de Identical responses 1
ischemia were noted when heart vate was initally elevatg
by right atrial pacing. Thus, the increment in EDD duning
acute myocardin? ischemis depends upon the resting tension
which in wrn will be modified by changes in the resting
heart rate.

This study confirms the hnding that reflex tachveard:.,
during acute schemia is much reduced by cardiae svin-
pathectomy or heta-adrenergic blockade (23). However,
the contractile changes as measured by dP,dt and dI) ar
were not allected by these neuaral interventions. ‘Fhe
suggests one ol two possible conclusions. First, the hears
may be so depressed, mechamically, by the ischemia thae o
is unable o respond 1o the sympathetic inotropic
with an increase tn our measured parameters, This explan.
tion does not appear likely sinee direet electrical simulation
of the ansi subclavia or isoproterenol infusion during coro-
nary occlusion in anesthetized dogs causes rapid, drvamati
increases in lelt ventricular dP/de (17; personal obserya-
tion). Dircet clectrical stimulation of the aunsa subelavigy
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alter propranolol (1
desanthed response (personal observinon)

e, he) abolished the prediomly
In e dl the
heatt had been mechanieally depressed and wesporsase
to sympathetic input, one wonld expeet that the fall
dP7dt would be greater duving occtusions alter prapranoiol
had been given. This was not the case. ‘The second possi-
biluy is that the heart is able woespond but no inerease in
svinpathetic inotropic support occwrs. Suche i possibility
could mdicate that under our expevimental conditions,
cither the threshold for inotopie chige is higher than that
tor chronotiopic change or there is separation o funetional
svinpathetie neural imputs 1o the heart, The fattes has been
demonstrated (12, 23, 24).

One is left with the conclusion that, i this stady, there

was no measurable increase in cavdiac sympathene ino-
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Reflex Heart Rate Control Via Specific Aortic Nerve Afferents
in the Rabbit

By Merrill B. Kardon, D. Fred Peterson, and Vernon S. Bishop

ABSTRACT

Reflex bradycardia was elicited in rabbits via repetitive electrical stimulation of the
central end of the sectioned left aortic nerve. Supramaximal stimulation produced a 16.9
+ 1.3% (sE) increase in the R-R interval when vagal and sympathetic efferent pathways
were intact. Reducing the stimulation voltage allowed selective stimulation of the
myelinated (A) fibers, and polarizing electrodes placed central to the stimulus site
permitted A fiber blockade and selective stimulation of the unmyelinated (C) fibers.
When afferent A fibers were selectively stimulated, 64% of the maximum response was
obtained; selective C fiber activation elicited 63% of the maximum observed response.
Selective stimulation of A or C fibers after either vagotomy or stellectomy indicated that A
fiber afferents elicit heart rate responses via both vagal and sympathetic efferents,
whereas C fiber afferent information is mediated predominantly via vagal efferents. This
afferent-efferent specificity of the aortic baroreceptor pathways suggests baroreceptor
mechanisms normally used to modulate heart rate. Small increments in blood pressure
would activate low-threshold A fibers and result in reciprocal changes in vagal and
sympathetic efferent activity. More substantial increases in blood pressure would activate

afferent C fibers and produce additional heart rate effects via vagal efferents.

8 The influence of baroreceptors on heart rate has
been shown to involve afterent myelinated (1) and
unmyelinated (2) fibers. Central stimulation of the
rabbit aortic nerve causes a reduction in both heart
rate and arterial blood pressure (2-4). The mech-
anisms whereby each of the aortic nerve afferent
fiber groups cause reflex changes in heart rate have
not been well defined. Recent data indicate that
unmyelinated afferent (C) fibers, which have been
shown to arise in the wall of the aortic arch (5),
may carry a significant portion of the overall
baroreceptor information in the rabbit (2) as well
as in the dog and the cat (6).

Previous investigators have shown that as arte-
rial blood pressure is elevated reflex peripheral
vascular resistance changes occur at a lower pres-
sure than do heart rate changes (7-9). This finding
indicates the possibility that a functional separa-
tion of baroreceptor-induced vagal and sympa-
thetic cardiovascular influences may be attributa-
ble to the differences in their respective afferent
mechanisms. Although reflex heart rate effects
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have been shown to involve reciprocal changes in
cardiac vagal and sympathetic efferent activity
(10), the specific afferent fiber groups responsible
for these reciprocal changes have not been identi-
fied. The present study was designed to evaluate
the ability of the rabbit’s myelinated (A) and
unmyelinated (C) aortic nerve groups to vary heart
rate by way of either vagal or sympathetic efferent
pathways.

Maethods

Twenty-three albino rabbits, 1.5-2.5 kg, were anesthe-
tized with sodium pentobarbital (30 mg/kg, iv). Cathe-
ters were placed in the femoral vein so that anesthetic
could be administered and the thoracic aorta arterial
blood pressure could be monitored with a Statham
P23db transducer. A midventral cervical incision was
made from the point of the sternum to the angle of the
jaw, and artificial respiration was begun using a Harvard
Apparatus ventilator (model 665) at a volume of 30 ml
and a rate of 100 /min. The low-volume, high-frequency
air flow produced synchronization (with the respirator)
of the rabbit’s spontaneous respiratory movements; min-
imum reflex changes in arterial blood pressure were
observed. This technique has been shown to cause little,
if any, qualitative change in baroreceptor-mediated
responses (11) or in blood gas levels (2, 12). A pouch was
formed by suspending the free ends of the incised skin
from a horizontal ring in place above the incision. Using
a binocular dissecting microscope (Olympus model SZ),
the left aortic nerve was dissected free in the neck and
cut as close as possible to the sternum. Insofar as A fibers
respond at lower electrical thresholds than do C fibers, it
was possible to stimulate A fibers selectively by reducing
the stimulus voltage from supramaximal levels to sub-C
fiber threshold levels. The reverse, however, was not
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possible. To elicit the preferential activation of C fibers,
the conduction of A fibers was first blocked using a pair
of polarizing electrodes (13). Three sites were isolated
along the length of the left aortic nerve. The free central
end of the cut nerve was placed on a pair of platinum-
irridium stimulating electrodes connected by way of a
Grass SIU5 stimulus isolation unit to one channel of a
Grass model S-88 stimulator. At the second more rostral
site midway along the length of the left aortic nerve in
the neck, a second pair of electrodes was positioned.
These electrodes were covered with saline-soaked cotton
wicks and connected via a second stimulus isolation unit
to the 100,000-ohm d-c output of the second channel of
the S-88 stimuiator. As previously described, they served
as A fiber blocking electrodes (13). Bipolar recording
electrodes were placed at the third most rostral site.
These electrodes were connected to a pair of cascaded
Grass model P15 preamplifiers, and they served to
monitor the evoked potential. The evoked potential was
recorded on Polaroid film from the face of a Tektronix
D12 storage oscilloscope. Bilateral vagotomies were per-
formed in the cervical region. Stellectomies were per-
formed by removing a section of the sympathetic chain
between the first and the third thoracic interspace. Heart
interval was monitored by way of needle electrodes
placed along the sternum. These electrodes were con-
nected to a Beckman type 9857B cardiotachometer
coupler. Both heart rate and arterial blood pressure were
recorded continuously using a Beckman type R-M (411)
oscillograph.

On-line monitoring of the R-R interval and control of
the nerve stimulus parameters were accomplished using
a DEC PDP 8/E digital computer. Bursts of stimulus
impulses were applied to the left aortic nerve during each
R-R interval in fixed synchrony with each R wave. The
duration of each impulse was 0.3 msec as established by
the stimulator. The run duration and the stimulation
sequence, which consisted of impulse frequency, impulse
number, burst duration, and timing of the stimulus burst
within each R-R interval. were established by the com-
puter in accordance with the experimental protocol. The
computer stored each R-R interval in a given run and
averaged it with the equivalent interval in previous runs
made under identical stimulus conditions. The sequence
of average R-R interval values for each group of stimulus-
response runs was then printed out on command. Three
key parameters, latency to onset, latency to peak. and
the value of the peak response were printed out along
with their respective standard deviations. The latency to
onset represents the number of heart intervals from the
beginning of the stimulus to the end of the interval which
first exceeded the control. The latency to peak represents
the number of heart intervals from the beginning of the
stimulus to the end of the longest interval during the
response. Peak response represents the maximum per-
cent change from the control R-R interval.

Comparisons were made between the magnitude of the
reflex bradycardia elicited by either A or C fiber stimula-
tion before and after selective deefferentation (vagotomy
or stellectomy). To activate aortic afferent A fibers alone,
the stimulus intensity was adjusted while the evoked
potential was monitored. When the stimulus voltage was
reduced enough to eliminate activation of C fiber affer-
ents, while causing little or no change in A fiber
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activation (Fig. 1A), a stimulus-response run was begun.
In a separate group of rabbits, the C fiber afferents were
activated to the exclusion of the A fibers by using the
technique of Manfredi (13). While the left aortic nerve
was stimulated at supramaximal intensity (sufficient to
activate all fibers), a small blocking current (5-15 ua)
was applied to the nerve via the interposed blocking
electrodes. By adjusting the blocking current while the
evoked potential was monitored, it was possible to
eliminate A fiber conduction and leave C fiber conduc-
tion little affected (Fig. 1B). A stimulus-response run
could then be made while only C fibers were being

FIGURE 1

A: Single stimulus compound-evoked potential recorded from
the left aortic nerve. Top: At a supramaximal stimulus inten-
sity, A fibers (fast component at left) and C fibers (slow wave at
center) are activated. Bottom: At a reduced stimulus voltage, C
fibers are no longer activated, but the A wave is unchanged.
Interelectrode distance = 30 mm, sweep speed = 5 msec/cm. B:
Querlay of three single stimulus compound-evoked potentials
which were recorded in rapid succession illustrating blockage of
A fiber conduction. Top: At a supramaximal stimulus intensity
all fibers are activated. Bottom: When the blocking current
(5-15 pa), is on, the A wave is blocked. the C wave is reduced
slightly. Interelectrode distance = 35 mm, sweep speed = §
msec/cm. The horizontal bar represents 1 cm of the oscilloscope
sweep or 5 msec in time.
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stimulated. Without left aortic nerve stimulation, the
blocking current never elicited a persistent change in
either arterial blood pressure or heart rate. Subsequent
to the control runs, selective deefferentations were per-
formed (bilateral vagotomy or bilateral steilectomy).
Repeat runs were carried out to indicate the relative
importance of vagal and sympathetic pathways in the
control of heart rate via either myelinated or un-
myelinated aortic afferents.

Standard errors were calculated for the onset and peak
latencies as well as for the peak responses. The signifi-
cance of the difference was determined by the t-test. P
values < 0.05 were considered significant.

CRITIQUE OF METHODS

The polarizing blocking technique used in this series of
experiments has been shown to cause selective blockade
of myelinated fiber conduction by producing a failure of
conduction between the blocking anode and cathode
(13). The A beta group is most sensitive to the d-c
blockade. However, at current levels sufficient to block
some of the beta group. asynchronous firing of some less
sensitive nerve fibers occurs. This phenomenon has been
shown to result from cathodal excitation. With complete
blockade of the beta fibers (and subsequent blockade nf
the delta group as well), the asynchronous firing no
longer is seen at the recording site due to conduction
failure at the anode. The conduction of unmyelinated C
fibers is only slightly affected by this level of current.

In the present experiments. the direct current was
adjusted to block myelinated fiber conduction while
causing as little asynchronous firing as possible. How-
ever, insofar as d-c levels that completely suppressed
synchronous firing also caused significant C wave depres-
sion, the level was adjusted to yield A wave blockade
with as little C wave depression as possible. The amount
of asynchronous firing passing the blocking anode was
judged to have little qualitative effect on the observed
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response. During the course of the electrical nerve block,
the blocking current often fell somewhat during the first
15-30 seconds, no doubt as a result of electrode polariza-
tion during the blocking phase. This fall sometimes led
to a partial loss of block selectivity. However, a run was
not made until the block was reestablished (by raising
the blocking current slightly) and its stability verified for
at least 30 seconds. Subsequently, during the blocking
period, no detectable blocking current creep was seen nor
was there a significant tendency for the block to degrade.
Selective nerve block was not normally maintained for
periods longer than 2 minutes. The current level neces-
sary to effect a selective aortic nerve block was essen-
tially unchanged for all trials in each rabbit. Barbitu-
rates are well known for their ability to depress the vagal
centers. However, in our experiments, the rabbits were
maintained at a light surgical anesthetic level with little
apparent depression of the vagal component as indicated
by the slope of the heart rate response.

Results

In 23 rabbits, repetitive synchronous stimulus
bursts were applied to the left aortic nerve at
frequencies of 50 and 100 Hz. In 13 rabbits, a total
of 48 trial runs was made while stimulating at
supramaximal intensity (all aortic nerve fibers
activated) (Fig. 2). The average R-R interval in-
creased 16.9% from the control level of 209 + 3
msec. The latency to onset and that to peak
bradycardia were 4.4 intervals and 21.0 intervals,
respectively. Bilateral vagotomy had no significant
effect on resting heart rate, as previously reported
(2). It did result in a reduction of the peak response
to 11.0%. The latency to onset and the latency to
peak were increased to 8.4 and 32.6 intervals,

LTP PR
28
w 2
2 20
16
S
=12
z §
O
t Y.
| 4 &
PCOS P00 PCOI

O /nract
Vagotomy
Srellectomy

FIGURE 2

Influence of efferent neural pathways on the heart rate response during supramaximal aortic nerpe
stimulation. Each pair of bars compares responses after either vagotomyv or cardiac sympathectomy
to responses obtained immediately prior to nerve section. Latency to onset (LTO) and latency to peak
(LT™) are both measured in R-R intervals after initiation of electrical stimulation. Peak response
(PR) is measured by the percent change in the R-R interval when the heart has slowed maximally.
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respectively. Thus, vagotomy reduced the peak
response by 35% (P < 0.001), while the latencies to
onset and to peak were significantly delayed in
time. In the remaining 10 rabbits, 33 trial runs
produced an average bradycardia of 14.9%. The
onset and the peak bradycardia occurred at 3.8 and
17.9 intervals, respectively, from the stimulus on-
set. Stellectomy slightly decreased the resting
heart rate and reduced the reflex bradycardia by
41% (P < 0.01). The latency to onset was not
significantly affected, and the peak bradycardia
occurred 4.5 intervals sooner (P < 0.05). Thus,
when the entire aortic nerve was activated, loss of
the sympathetic efferent pathways reduced the
magnitude of the reflex bradycardia, and the
latency to peak response but had no effect on the
latency to onset. In contrast, loss of the parasympa-
thetic pathways extended both the onset and the
peak latency while it, too, reduced the magnitude
of bradvcardia.

The relative influence of afferent A and C fiber
activation on heart rate response, when all efferent
pathways are intact, was studied in 11 rabbits (Fig.
3). Activation of A fibers alone caused no signifi-
cant change in the latency to onset. When C fibers
were selectively activated, the latency to onset was
increased from a control value of 4.6 intervals to 6.0
intervals, which was a significant 31% increase (P
< 0.01). The latency to peak was greatly reduced
when C fibers were not activated. The reduction
observed was 19.7 intervals to 11.4 intervals (P <
0.01). When C fibers alone were activated, there
was a reduction from control, 19.6 intervals to
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15.3 intervals, which was not significant. The peak
response was equally dependent on activation of
both A and C fiber afferents. The reduction in
peak response was from 19.0% to 12.2% (P < 0.02)
when afferent A fibers were stimulated alone,
whereas stimulation of C fibers alone reduced the
response from 13.4% to 8.0% (P < 0.01).

In 11 rabbits, a comparison was made between
the reflex heart rate response to A fiber activation
before and after either vagotomy or stellectomy
(Fig. 4). Selective A fiber stimulation produced an
average fall (peak response) in heart rate of 10.5%.
The latencies to onset and peak were 4.1 and 11.0
intervals, respectively. Vagotomy in 6 of these
rabbits reduced the peak response by 63%, and the
onset of the response was delayed by 3.0 intervals,
(P < 0.05). In the remaining 5 rabbits, stellectomy
reduced the peak response to 5.4% (P < 0.01) (a
61% reduction). The latencies to onset and peak
were 4.8 and 10.2 intervals, respectively, but nei-
ther of these changes was statistically significant.

In ten rabbits, A fiber conduction was blocked,
and a total of 30 trial runs was performed (Fig. 5).
In trials performed in six of these rabbits, C fiber
stimulation reduced heart rate by 8.5%. The laten-
cies to onset and peak were 5.8 and 16.5 intervals,
respectively. Vagotomy in this group reduced the
peak response to 4.9% and increased the latencies
to onset and peak to 8.8 and 22.8 intervals,
respectively. Thus. vagotomy reduced the peak
response by 42% (P < 0.01). The onset of the
response was delayed by 3.0 intervals (P < 0.05).
In a total of 11 trial runs performed in the remain-
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FIGURE 3

Afferent aortic nerve fiber influences on reflex bradvcardia. Each pair of bars compares either A fiber
or C fiber stimulation with supramaximal stimulation carried out immediatelv prior to selective stimu-
lation. Comparison of A fiber stimulation with control represents a mean of 31 averaged trials in 11
rabbits. C fiber comparisons with control are for 30 trials in 10 rabbits. Abbreviations are the

same as they are in Figure 2.
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FIGURE 4

Influence of efferent neural pathways on the heart rate response during selective aortic A fiber stimu-
lation. Each pair of bars compares responses after either vagotomy or cardiac sympathectomy with
responses prior to nerve section. Definitions are the same as thev are in Figure 2.

ing four rabbits, stellectomy did not cause a
significant change in peak response. No significant
change was observed in either latency to onset or
the latency to peak. When aortic unmyelinated
fibers were activated, loss of parasympathetic ef-
ferent pathways caused a reduction in peak effect
and a delay in both onset and peak bradycardia.
Loss of sympathetic efferents, however, had no
significant effect on the peak response, indicating
that aortic nerve unmyelinated fibers mediate
heart rate predominantly via vagal efferents.

Discussion
This study provides the first direct evidence that
aortic nerve-mediated reflex bradvcardia occurs
in response to activation of either afferent A or C

fibers and that its magnitude depends on the
number and the type of fibers being activated.
The effect of A and C fiber afferents as well as
that of vagal and sympathetic efferents on the peak
response indicates that A and C fiber afferents are
approximately equipotent so long as both efferent
pathways are intact. Vagal and sympathetic effer-
ent pathways are equally important in eliciting a
reflex bradycardia when all fibers or when only the
A fibers are activated. However, removal of the
svmpathetic efferents has no effect on the heart
rate response when only C fibers are activated.
Since the bradycardia to selective C fiber stimula-
tion is not abolished after vagal section, we cannot
unequivocally disregard a sympathetic efferent
involvement in the reflex response. Possibly, in the

LTO LTP PR
10 28] 149
9 24 12+
i w
8 20 7 © 10
4 " o 3
<7 g6 [ = 89
3 « % o
E 6 w 21 \% - 6
z s 2o | K g o
x 4 i @4 | B & 2-
y f v b
@ 3 &® o hid E o4
PCOI
Q aroer
& vagoromy

Stellectomy

FIGURE 8

Influence of efferent neural pathways on the heart rate response during selective aortic C fiber stimu-
lation. Each pair of bars compares responses after either vagotomy or stellectomy with responses
prior to nerve section. Definitions are the same as thev are in Figure 2.
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presence of intact vagal influences, sympathetic
influence is minimal, whereas in the absence of
vagal activity sympathetic influences are substan-
tial during selective aortic C fiber stimulation.
Similar responsiveness has been demonstrated in
isolated atria exposed to acetylcholine and norepi-
nephrine (14). In any case, insofar as baroreceptor
effects on heart rate are concerned, the cardiac
sympathetic influence appears to be primarily
dependent on changes in afferent A fiber activity.
In contrast, vagal influences are modulated by both
afferent A and C fibers in the aortic nerve. These
results are supported by similar findings during
carotid sinus stimulation and neural physiological
studies of the vasomotor areas of the brainstem (15,
16). In the brainstem of the cat and the rabbit,
closely situated areas have been identified which
receive information from either A or C fibers (15,
16). Furthermore, Kumada and Nakajima (15)
have demonstrated that inputs from myelinated
aortic nerve afferents innervate both the vagal and
the sympathetic sensory areas of the rabbit brain-
stem and that unmyelinated afferents are absent
from the sympathetic sensory areas.

Selective activation of either A or C fiber affer-
ents demonstrates that the myelinated group is
responsible for the earliest onset of bradycardia.
This finding, of course, is predictable, since myeli-
nated fibers can have many times the conduction
velocity of unmyelinated fibers. Likewise, selective
cardiac efferent nerve section demonstrates that
intact vagi are essential to elicit the earliest onset
of reflex bradycardia. Again, this finding is predict-
able, since the vagus contains many myelinated
efferent fibers (17, 18) and the cardiac sympathetic
nerves contain few myelinated fibers of any type
(19, 20).

Our results illustrate the long time constant
nature of the sympathetic influence on heart rate.
The elimination of efferent cardiac sympathetic
nerves causes a reduction in the number of inter-
vals to peak effect with no significant effect on the
latency to onset. This finding infers that rapidly
conducting A fiber afferents which modify sympa-
thetic efferent activity serve a function which is not
dependent on their high conduction velocity. How-
ever, rapid modification of heart rate is vagally
mediated (10). This study shows that myelinated
aortic nerve fibers influence the vagal control of
heart rate. Consequently, the fastest potential
aortic baroreceptor influence on heart rate must
occur by way of these afferent A fibers modulating
efferent vagal activity. The efferent vagal fiber
types which are modulated by these aortic afferents
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are not known at this time. However, working in
the cat, Kunze (17) has shown that activation of
the arterial baroreceptors causes demonstrable
changes in the activity of vagal efferents which
innervate the sinoatrial node. These vagal efferents
are small-diameter myelinated fibers.

An indication of the order of activation of the A
and C fiber aortic baroreceptor pool may be in-
ferred from the known progression of peripheral
vascular resistance and heart rate effects seen with
increasing arterial blood pressure. Glick and Covell
(8) and Allison et al. (7) have shown that with
increasing arterial blood pressure in the dog, reflex
reduction in peripheral vascular resistance (which
is assumed to be largely under the influence of the
sympathetic nervous system) occurs at a lower
blood pressure threshold than does bradyvcardia.
This finding indicates that during the course of an
increase in arterial blood pressure the afferents
which are activated at lower pressures are those
which tend to suppress sympathetic efferent activ-
ity to the vasculature. Angell-James (21) has shown
that, when they are activated physiologically, aor-
tic nerve fibers fire at a frequency which is largely
independent of the rate of change of pressure in the
aortic arch so long as the pressure is above thresh-
old for a given receptor. This finding suggests that
the relative importance of recruitment of addi-
tional baroreceptor afferents as pressure increases
is greater than that of increasing firing rates of in-
dividual fibers during the systolic phase. The
results of Kardon et al. (3) demonstrate the impor-
tance of impulse number to aortic nerve reflex
heart rate effects. These two studies, in combina-
tion with the present work, indicate that the
important features of rabbit barorecepior control of
heart rate are the type and the number of fibers
being activated over a given time period as well as
their individual thresholds. If aortic C fibers have
different pressure thresholds than do aortic A
fibers, the reflex effect of C fiber recruitment on
heart rate should differ from the reflex effect of
recruitmenut of additional A fibers, as shown in this
study. Therefore, increases in the frequency of
whole aortic nerve activity in response to augmen-
tation of arterial blood pressure must occur largely
as a result of successive recruitment of nerve fibers
having higher pressure thresholds rather than by
increases in the firing rates of the individual nerve
fibers involved. Finally, a previous study (2) has
shown a progressive increase in reflex effects with
increased recruitment of aortic nerve afferents:
blood pressure effects are seen at the lowest stimu-
lus intensities (rapidly conducting A fiber activa-
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tion), but hea-t rate effects require recruitment of
more slowly conducting myelinated fibers. Thus, it
is inferred that the magnitude of the heart rate
response can be augmented until all afferent C
fibers are activated as well.

In combination with what has been shown in the
present study to be the atferent-efferent specificity
of the aortic baroreceptor pathways, the order of
electrical activation of the afferent fibers from
myelinated to unmyelinated fibers may illustrate
the baroreceptor mechanisms normally used to
modulate heart rate. If the A fiber pool with its
combined vagal-stimulatorv and sympathoinhibi-
tory effects is activated at lower blood pressure
thresholds. the normal baroreceptor control of
heart rate would occur via their reciprocal action
on vagal and sympathetic efferents at small incre-
ments in arterial blood pressure. More sustained
increases in blood pressure would activate vagal
efferents in larger proportion via C fiber afferents
and would produce more profound heart rate ef-
fects.

Sympathetic regulation of heart rate in a pre-
dominantly high-frequency. low-threshold barore-
ceptor system suggests th these sympathetic
efferents are modulated by subtle changes in arte-
rial blood pressure. The known frequency-response
characteristics of the sympathetic neuroeffector
mechanism no doubt cause this subtle reflex
bradycardia to occur over a longer time course than
does that initiated by changes in vagal activity.
Fluctuations in blood pressure which alter sympa-
thetic influences via afferent A fibers would cer-
tainly cause rapid beat-to-beat changes in heart
rate via vagal efferents. When blood pressure
exceeds this range, the increased recruitment of C
fiber afferents would cause the potential for beat-
to-beat heart rate control to be progressively
masked. Under these circumstances, heart rate
would no doubt fall farther in response to continu-
ous activation of both A and C fiber afferents and
vary less in response to beat-to-beat blood pressure
changes.
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Magnitode and duration of cardiovascular responses following
+G forces of 1-5 G were studied in chronically instrumented
anesthetized dogs. During lower G forces (+1 to +3G;), re-

were varisble. In most dogs during higher G forces
(+4 or +5 G;), aortic pressure, cardiac output, left ventricular
pressure, and dp/dt were all dramatically compromised. These
changes were observed whether the onset of the gravitational
inertial force was slow (0.1 G/s) or rapid (1.0 G/s). Cardio-
vascular changes after acceleration were counsistent. Left atrial
pressure and arterial pressure rose and a transient rise in dp/dt
was often observed. Cardiac output rose briefly, then fell; hence,
peripheral resistance increased. Magitude and duration of these
changes were directly related to G forces during accelerstion.
Our results confirm that +G;  stress produces major cardio-
vascular changes. Our experiments also demomstrate that re-
sponses following +G, stress may be drsmatic and prolonged.
Increased peripheral resistance eclevates perfusion pressure and,
concurrently, the increased preload may caunse acute cardio-
pulmonsry congestion.

E ARLY experimental work confirmed that the limit-
ing factor in +Ggz stress tolerance was mainte-
nance of perfusion pressure to vital organs, i.e., the central
nervous system (11). Since that time, studies of accelera-
tion in the +G, position have primarily been limited
to blood pressure, heart rate, and electrocardiographic
changes during acceleration (3,4,5). In conscious man,
heart rate usually increases, blood pressure falls and
then recovers toward control (13). ECG abnormalities
may occur but do not usually persist long after cessation
of acceleration (13,16,17). Similar results have been
observed in experimental animals (1,2). Recently, more
sophisticated methods have been used to study cardiac

The animals involved in this study were procured, maintained,
and used in accordance with the Animal Welfare Act of 1970
and the “Guide for Laboratory Animals” prepared by the In-
stitute of Laboratory Animal Resources—National Research
Council. The research reported in this paper was conducted by
personnel of The University of Texas Health Science Center
at San Antonio, and of the Environmental Sciences Division,
USAF School of Aerospace Medicine.

performance during acceleration in anesthetized experi-
mental animals (1,6). Left ventricular pressure falls
progressively further during increasing +G; forces
while dp/dt responses are variable (1). Distribution of
flow is not equal during acceleration, since coronary
flow increases at low G forces but decreases at higher
G forces (6). A redistribution of blood flow has also
been observed during +Gx (18,19).

Further information regarding responses associated
with +G, forces is becoming increasingly necessary.
Aircraft capable of maintaining high +G. levels have
already been developed and future aircraft will further
expand the potential G stress on pilots. Since the cardio-
vascular system 5 especially vulnerable to gravitational
changes, circulatory responses to such stress should be
carefully evaluated.

The purpose of this study is to examine in detail
cardiovascular responses during and following +G;
stress in dogs. The results reinforce the necessity for
compensatory measures in order to insure adequate pilot
performance and safety in advanced aircraft and suggest
that factors in addition to blackout may be a source of
risk to the pilot.

MATERIALS AND METHODS

Fourteen mongrel dogs (10-20 kg) were chronically
instrumented under sterile surgical conditions using
halothane anesthesia. A left thoracotomy through the
fifth intercostal space exposed the heart and great ves-
sels. The pericardium was opened and, through a stab
incision, a solid state pressure transducer (Model P18,
Konigsburg Instruments) was placed on the endocardial
surface of the left ventricle for measurement of left
ventricular pressure. An electromagnetic flow probe
(Zepeda Instruments) was placed around the ascending
aorta for measurement of cardiac output and an 18-
gauge polyvinyl catheter was placed in the left atrium
for measurement of pressure. In some dogs, ECG elec-
trodes were sutured inside the chest. Lead wires for the
implanted instrumentation were exteriorized at the back
of the neck. Two weeks or longer were allowed for
recovery. During this time, the health of each animal
was monitored daily.

Prior to experimentation, animals were anesthetized
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with alphachloralose. A precalibrated, solid-state pres-
sure catheter (No. 5F, Model PC-350, Millar Instru-
ments) was then passed retrograde via the femoral
artery to the left ventricle in order to calibrate the left
ventricular pressure transducer already in place. After
calibration, the catheter was withdrawn to lie in the root
of the aorta. Each dog was restrained on its back
(+Gy) in a fiberglass animal couch which was bolted
to the animal end of the USAFSAM centrifuge. The
length of the arm for animal experiments is 4 m. They
were positioned to receive +G; inertial forces as the
centrifuge rotated. Once the animal was properly posi-
tioned, a 15-30 min pretest period was allowed for
establishment of resting levels of recorded parameters.

Animals were exposed to gravitoinertial forces of +1
to +5 Gz consisting of either rapid (1.0 G/s) or slow
(0.1 G/s) onset-to-peak G. Peak G was maintained
for 60 s followed by deceleration to control. Eight ani-
mals were subjected to both slow and rapid onset-to-peak
G while six of the animals underwent rapid onset only.
Each animal was initially subjected to +1 or +2 G,
stress, followed by stepwise (1 G) increases after com-
plete recovery (5-15 min) from each previous trial.

Responses were recorded on a Mark 200 Brush strip
chart recorder and simultaneously on a Model 4742
Sangamo magnetic tape recorder for later analysis on an
EAI 680 Analog computer.

Total peripheral resistance was calculated by the com-
puter as mean aortic root pressure (AP) minus left
ventricular end diastolic (LVEDP) divided by mean
aortic flow (AF), that is:

AP (mm Hg) - LVEDP (mm Hg)

TPR= AF (ml/min)

In some cases, calibration of mean aortic flow was
not possible for technical reasons; hence, our results are
all expressed in percent changes in total peripheral re-
sistance. This permitted us to include results in which
mean flow values were not expressed in absolute units.

RESULTS ‘

Responses during acceleration: Fig. 1 represents typical
responses to +3 G; stress. It is clear that during
acceleration all parameters were seriously compromised.
Venous return to the heart fell immediately, as indicated
by a fall in left ventricular end diastolic pressure
(LVEDP). Aortic root pressure (AP), left ventricular
pressure (LVP), LVP dp/dt and aortic flow (AF)
fell simultaneously and then usually began to recover
toward control prior to the end of the acceleration
period (Fig. 1). In some animals, a period of cardiac
arrest was observed. One dog experienced cardiac arrest
for 18 s at +4 G,. The cardiovascular system was
less dramatically affected at low G, stress than at
higher levels. The magnitude of the change in aortic arch
blood pressure differed between animals but was al-
ways directly related to the magnitude of the accelera-
tion. Eleven of the dogs always exhibited a fall in aortic
pressure, while three demonstrated consistent rises in
arterial pressure at most G forces tested. Average re-
sponse at +1 or +2 G, was an initial fall in pressure

AF
{ocAed 0

p/A3t 5000 .
T pe———
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Fig. 1. Responses to +3 G stress. The top trace represents
the acceleration profile; HR, heart rate; EDP, end distohic
pressure; LVP, left ventricular pressure; AP, aortic arch pres-
sure; AF, pulsatile aortic flow; dp/dt, the derivative of left
ventricular pressure; PR, peripheral resistance measured as per-
cent change from control.

ADRTIC ARCH PRESSURE RESPONSE

Fig. 2. Composite aortic arch pressure during and after +G,
stress, rapid onset. Each trace represents averages for eight dogs.
Curves were plotted from average values selected every 15 s and
at the points of peak change. Time at peak acceleration equals
1 min.

followed by a gradual recovery toward control (Fig. 2).
At +3 G,, the average initial fall was greater and
recovery toward control less complete. At +4 G,, the
initial blood pressure fall was severe in most dogs, and
only a slight tendency toward recovery was evidenced
in a few dogs during acceleration (Fig. 2). Eight dogs
were subjected to +5 G, based on their ability to
tolerate +4 G, stress. As seen in Table I, three dogs
consistently did recover and overshoot their control aortic
pressure level during acceleration. There was a tendency
for compensation during slow onset (0.1 G/s) to be
better than during rapid onset (1.0 G/s) in preventing
blood pressure fall (Table I). The difference was signi-
ficant at +4 G (p<0.05) which suggests that reflex
compensatory mechanisms are more effective during slow
onset.
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TABLE I. AVERAGE MAXIMUM BLOOD PRESSURE CHANGE DURING ACCELERATION

A C
Animals Which Animals Which

All Animals Included Compensated Poorly Compensated Well

Fast Onset  Slow Onset Fast Onset Slow Onset Fast Onset Slow Onset

AP # Dogs AP # Dogs| AP # Dogs AP # Dogs | AP # Dogs AP # Dops
1G, -15 5 -23 4 +15 ]
2 G, -23 14 -6 8 -36 11 -20 6 | +22 3 +30 2
3G, —42 14 -33 8 74 11 —60 6 | +23 3 +35 2
4 Gz —-63 12¢* -38 8 -97 9 —-66 6 | +23 3 +3S 2
5 Gy —32%* 4 _3B85 6 | -9 2 -1 4 | +28 2 -13 2

*Two dogs were not subjected to +4 Gy because of their slow recovery from +3 Gy,

*sThis value is biased by the two dogs in column C which always compensated for +G; stress.
Maximum blood pressure changes in mm Hg during acceleration. Average values for all animals
are given in group A. Average values for animals which always experienced a fall in aortic arch
pressure are presented in group B. Averages for those dogs which usually exhibited a rise in blood
pressure during acceleration are seen in group C. Note that in group B progressively lower blood
pressure is observed to accompany cach incresse in acceleration. On the contrary, with oanly
one exception, group C dogs produced similar blood pressure increases at each acceleration level.

Fig. 3. Heart rate changes to +Gg stress, fast and slow onset.
Each trace represents averages for the same eight dogs.

TABLE 1I. MAGNITUDE OF RESPONSE AND TIME IN
RECOVERY PHASE

MLAP (4.9 mm Hg) MAP (.24 mm Hg) MAP-

Timeto MLAP
Slow A return A return A
Onset N mmHg  (min) mmHg (min) mm Hg
2G (8) 1.0 38 35 43 28
3G (8) 9.5 42 36 5.3 26
4 G (8) 124 5.1 41 5.6 29
5 G (6) 14.6 6.4 44 6.3 29
Fast
Onset
2G (8 6.0 2.5 23 27 17
3G (%) 8.9 36 34 4.4 25
473 (8) 132 5.1 43 5.9 30

Magnitude of mean left atrial pressure (MLAP) and mean arterial
pressure (MAP) overshoot responses and time to return to comtrol
in the postacceleration period. Control pressures are in parentheses.
Each value represents an average of the same eight animals except
$ G slow which included only 6 of the 8 dogs.

Heart rate responses were variable. Most animals dis-
played tachycardia soon after the onset of acceleration
followed by bradycardia when onset to acceleration was
rapid (Fig. 3). Average maximum heart rate change at
+3 G was 8.4 s after onset. Some animals, however,
responded with only one or the other response. The
tendency toward bradycardia was more pronounced at
higher G levels. Animals which maintained blood pres-
sure well also tended to display either sustained tachy-
cardia or, at least, a less than average fall in heart rate
during acceleration. Heart rate responses associated with
rapid onset of acceleration were much more predictable
than with slow onset. When onset was slow, bradycardia
usually preceded the tachycardia but, after peak G was
attained, the pattern of heart rate changes was similar
whether onset was slow or rapid.

Left ventricular pressure (LVP) responses were
similar to arterial pressure changes. LVP reached a
minimum in most trials shortly after onset of accelera-
tion and either remained low or slowly climbed toward
control during the remainder of acceleration. Maximum
depression of dp/dt was directly related to the magnitude
of acceleration. Cardiac output responded in much the
same manner. The sudden fall in filling pressure was
undoubtedly responsible for these early responses since
left ventricular »nd diastolic pressure fell abruptly and
then recovered somewhat. The fluid-filled catheter used
to record left atrial pressure made accurate measure-
ment difficult during acceleration due to movement of
the heart in relation to location of the transducer; thus,
left atrial pressure could not be studied directly during
this period. However, in one animal a Millar catheter
was passed into the right atrium in order to estimate
central venous pressure. In this case, mean right atrial
pressure was quantitatively similar to left ventricular end
diastolic pressure.

Calculated pe:.pheral resistance began to rise an
average of 5.8 s after the onset of +G, stress and
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rcached a maximum value at 20.4 s. Ordinarily it re-
mained high throughout the 1 min of acceleration (Fig.
1). Frequently, either extremely low cardiac output or
long periods of asystole made computer calculation of
peripheral resistance impossible during +3 G, +4
G, and +5 G, (Fig. 1). Average maximum measur-
able changes at each G: level included: 1 G, 40%;
2G,82%;3G,96%:4G,92%,5 G, 129%.
Postacceleration responses: After cessation of accelera-
tion, if aortic arch pressure had fallen it always returned
rapidly toward control, continued to rise higher than
control, and then slowly returned back to control (Fig.
2). This “overshoot” was progressively greater at higher
G levels (Table IT). After +2 G, (rapid onset), the
average overshoot reached 23 mm Hg above control and
required 2.7 min to return to control. After +3 G,
(rapid onset), the average overshoot reached +34 mm
Hg above control and required 4.4 min to return to
control. Values for +4 G; were: 43 mm Hg (over-
shoot) and 5.9 min (return to control). Responses were
similar whether onset of acceleration was slow or fast
(Table II), and time to return to control tended to be
longer after slow onset though this difference was not
statistically significant.

Qualitatively, changes in left atrial pressure were
similar to changes in aortic pressure. Upon cessation of
acceleration, left atrial pressure immediately rose and
remained high for a prolonged period of time (Table IT).
This overshoot, again, was greater after acceleration at
higher G forces. There were no significant differences
between slow and fast onset trials.

Cardiac output, after cessation of acceleration, rose
transiently and reached a peak at approximately 14 s
after onset of deceleration. It then fell below control
levels and, finally, slowly returned to control. Peripheral
resistance was calculated continuously with the analog
computer from tape recorded records. Analog data pro-
vided by the computer are presented at the bottom of
Fig. 1. Average peripheral resistance was considerably
higher in the immediate postacceleration period.

Typically, calculated peripheral resistance fell trans-
iently as aortic flow increased after acceleration ceased.
When flow again began to fall, resistance rose. Average
maximum calculated changes from preacceleration con-
trols were: 1 G, 17%,2G, 19%;3 G, 39%; 4 G, 58%;
5 G, 54%. Return to control was slow, and both flow
and resistance paralleled the return of aortic root pres-
sure. The above values do not include data from one
dog which was extremely atypical. This dog experienced
no change in postacceleration peripheral resistance at
+1 G, and +2 G,. At +3 G, resistance rose
233% and he was not subjected to further trials.

In 67% of the animals studied at +3 G,, an im-
mediate transient overshoot in dp/dt max was observed
when acceleration ceased. Average time to highest dp/dt
max at +3 G, was 19 s, usually followed by rapid
return toward control (Fig. 1). The rapid overshoot was
not observed in 33% of the animals. Either gradual re-
turn to control or sustained overshoot was observed.
Tine to return to control was highly variable ranging
trom 1.20-6.50 min.

DISCUSSION

This study confirms that, without the availability of
either the M-1 maneuver or a G suit, the anesthetized
dog may experience severe cardiovascular stress during
+G, (6). In addition, the unprotected animal may
also experience a potentially dangerous period of cardio-
pulmonary congestion following +G, stress. As a re-
sult of the elevated peripheral resistance, which un-
doubtedly is initiated during acceleration by both barore-
flex and Cushing reflex efforts to maintain central arterial
pressure (9), two undesirable responses occur in the
postacceleration period: a) the elimination of excess
gravitational forces causes an immediate overshoot in
venous return to the heart increasing the preload and
simultaneously, b) the increased peripheral resistance
increases the arterial pressure, causing an elevated after-
load at a time when cardiac output is attempting to re-
cover. The lengthy time required for return to control
of both left atrial and aortic pressures suggests that
responses to +G, stress are slow to recover, whether
they be due to direct effects or are reflexly initiated
responses. The fact that the postacceleration left atrial
pressure rise was directly related to the magnitude of
+G; stress indicates that peripheral pooling was a
direct result of the degree of stress in spite of simul-
taneous increases in peripheral vasoconstriction. The
tendency for return to control to be slower after slow
onset trials seems likely related to longer total duration
of acceleration.

In the present study, peripheral resistance begins to
increase an average of 5.8 s after the onset of +G,
which is in agreement with previous suggestions con-
cerning the role of the baroreceptor reflex during ac-
celeration stress (12). The accompanying tachycardia,
which had a faster onset than the increase in P.R., had
little or no effect on maintaining cardiac output since
flow was limited by reduction in venous return. The
transient nature of the tachycardia was most likely re-
lated to the ischemia-produced bradyarrhythmia accom-
panying the reduced coronary perfusion (10).

Green and Miller (8) have proposed a model to de-
scribe the response of the circulatory system to accelera-
tion stress. Though the blood pressure response they
used was similar to our observations, they did not relate
it to changes in cardiac output and peripheral resistance.
They concluded that during acceleration the decrease in
venous compliance is a major factor responsible for the
return of arterial pressure toward control. Experimental
evidence for a decrease in venous compliance supports
their views (12,14). However, changes in venous com-
pliance alone cannot explain our observations during the
immediate post-G; recovery period. During this period,
arterial pressure progressively increased yet cardiac
output, though slightly altered, remained depressed. Con-
sequently, peripheral resistance rose steadily (Fig. 1)
indicating arterial pressure recovery was dependent, in
large measure, upon increasing peripheral resistance.
Since increases in arterial pressure in the ranges noted
in present experiments are known to have significant
effects on stroke volume and MLAP in the normal
animal (9), it is likely during the recovery period,
when the heart is depressed, that the cardiac output and
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MLAP response are significantly influenced by the in-
crease in arterial pressure.

The observed transient increases in aortic flow and
dp/dt max within 20 s post-G, which are usually ac-
companied by a fall in calculated total peripheral re-
sistance, suggest a transient increase in the capacitance of
resistance vessels possibly accompanied by increased
vigor of contractility. A change in arterial capacitance
is likely to occur since +G; stress is known to displace
visceral organs causing distortion of vessels (18).

Cineradiographic studies have shown that vessels cen-
tral to the heart are elongated and reduced in diameter
as much as 50% during acceleration (15). This stretch
of the carotid arteries at the onset of acceleration com-
plicates interpretation of heart rate responses. We pre-
sume that this initial stretch would stimulate carotid sinus
stretch receptors and produce bradycardia (7). Since a
transient initial bradycardia is often seen, especially dur-
ing slow onset (Fig. 3) and never extended past the
time at which peak acceleration is reached, this initial
mechanical displacement is likely responsible for the
bradycardia observed. As observed by others (13,16),
during the deceleration period and shortly thereafter,
arrhythmias are common; neural reflex regulation of
heart rate is probably minimal at this time. The most
common observation was a general tendency toward
return to control rate with no consistent evidence of
baroreceptor influence. The tendency toward postac-
celeration bradycardia at high G levels suggests the in-
fluence of general cardiac depression. Nevertheless, all
animals were conscious and alert 1 d following trials
and showed no signs of functional physiological ab-
normalities.

Our results have demonstrated responses to +G;
stress without the benefit of either the M-1 manuever
or a G suit. Also, it is clear that the arterial barorecep-
tor system contributes to the overall response, although
the absolute significance is not clear. Further studies
will be necessary to define the quantitative effects of
the anti-G suit and role of the baroreceptor system.
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Pathways regulating cardiovascular changes
€ during volume loading in awake dogs

VERNON 8. BISHOP AND D. FRED PETERSON
Department of Pharmacologv. The University of Texas Health Science Center at San Antonio,

San Antonio. Texas 78284

Bisnor. VErRNoON S.. anD D. Frep Peterson. Pathuwavs
regulating cardiorvascular changes during volume loading 1n
awake dogs. Am. J. Physiol. 231:31: 854-859. 1976. —The
role plaved by the cardiac sympathetic nerves and arterial
baroreceptors in the cardiovascular responses to acute voiume
loading was studied in conscious dogs. In 15 normaily inner-
vated animals. mean arterial pressure rose 10 mmHg. heart
rate increased 38 beats. min and cardiac output 1.696 mlimin,
while peripheral resistance decreased 0.49 PRU. Neither bilat-
cral barureceptor denervation. dorsal root sections (T,-T or
surgical nterruption of the left ansa subclavia altered the
above responses 1o acute volume loading. Bilateral section of
the ansa subclavia (total cardiac svmpathectomy: signifi-
cantly reduced the heart rate response from 35 = 5t0 20 = 5
beats.min but did not alter other changes. A similar reduction
in heart rate response was observed following selective section
of the right ansa subclavia. Intravenous infusions of epineph-
rine augmented the heart rate response in both normaily
innervated and cardiac svmpathectomized dogs. It is sug-
gested that although the primary efferent pathway for the
reflex trachvcardia 1s via the vagus. responses are modulated
by svmpathetic neural activity. Additionally. the nervous sys-
tem was not shown to play a measureable role in the observed
peripheral resistance changes.

vagus: cardiac sympathetic nerves: peripheral resistance: bar-
oreceptors: heart rate

RECENTLY. MANY INVESTIGATIONS have centered on the
role of low-pressure mechanoreceptors in or near the
heart. which have been implicated in reflex regulation
of cardiovascular function. Both acute volume loading
(1, 3, 5, 10) and localized distension of the atrial-venous
junctions (4, 6. 7, 11, 14) have served as models for
studving these receptors. Unfortunately, results have
been inconsistent when comparing either models or re-
sults of experiments by different investigators using the
same model. For example, the reflex pathway for the
tachycardia produced by local stretch has been reported
by some to involve vagal afferent and cardiac sympa-
thetic efferent fibers (7. 11, 14) while other investigators
have reported that both vagal afferents and efferents
are involved (6). In the conscious dog, the tachycardia
observed with volume loading is not eliminated by beta-
adrenergic blockade. thus implicating the vagus as a
contributing efferent pathway (10). Most investigators
indicate that the afferent pathway is in the vagus (6, 11,
13. 18), although a recent study suggests that afferents
in the spinal cord might contribute to the response (8).

In conscious dogs. volume loading increases cardiuc
output more than it increases arterial pressure, thus
peripheral resistance decreases. Vatner et al. (28) re-
cently reported that the baroreflex control of heart rate.
as judged by a pressure load, is attenuated after large-
volume infusions. However, from that study it was un-
clear whether the baroreceptors exerted any influence
on either the heart rate or peripheral resistance re-
sponse to volume loading. After baroreceptor denerva-
tion. the blood. pressure change during volume loading
was significantly reduced by both moderate and large
volumes. whereas the heart rate response was atten-
uated at the larger volume loads. In contrast. in anes-
thetized dogs. increases in cardiac output after barore-
ceptor denervation resulted in increased peripheral re-
sistance (17).

This study extends previously reported responses to
volume infusion. Precise afferent and efferent pathwavs
of the reflex changes in heart rate associated with vol-
ume infusion in the conscious dog have been identified
and evidence for sympathetic-parasvmpathetic interac-
tion presented. In addition. effects on peripheral vascu-
lar resistance have been investigated. The possible in-
teraction of arterial baroreceptors on both the heart rate
and peripheral vascular changes have been studied by
total sinoaortic baroreceptor denervation.

METHODS

Mongrel dogs were chronically instrumented under
sterile surgical conditions using halothane gas. A left
thoracotomy was performed through the fourth intercos-
tal space. An 18-gauge polyvinyl catheter was placed in
the left atrium through the auricular appendage. A
calibrated electromagnetic flow probe was affixed
around the ascending aorta in 15 animals. The calibra-
tion of all flow probes were checked as previously de-
scribed (1). A piece of surgical suture was looped around
both left ansa subclavia for later cardiac sympathec-
tomy (23). An 18-gauge polyvinyl catheter was inserted
into either the internal mammary arteryv or in the ca-
rotid artery through a cervical incision. At the time of
thoracotomy, or a few days later, a 10-gauge polyvinyl
catheter was inserted into the superior vena cava
through the left jugular vein. Approximately 2 wk were
allowed for recovery, during which time the health of
the animal was'monitored daily. At the time when
experiments were performed. body temperature and
electrocardiogram (ECG) were normal.
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Experimental protocol. ECG, heart rate. svstemic
blood pressure, and left atrial pressure were recorded on
a Beckman paper oscillograph using the required trans-
ducers. couplers, and amplifiers. Tyrode's solution

)—- ~warmed to 37.5°C was infused through the large cathe-

ter in the jugular vein using a Holter pump (model
RE161). The rate of the infusion was controlled to pro-
duce a steady rise in left atrial pressure. Infusions were
normally performed over a 1- to 4-min period until the
heart rate had reached a constant level, which was not
exceeded despite further rise in left atrial pressure.

The total volume of Tyrode’s solution required to
reach a maximum heart rate ranged between 300 and
800 ml 1averaged 400 mb (1). The hemodilution effect
ranged from -2 to —5%. In previous studies. identical
cardiac responses were observed with intravenous infu-
sions of blood or Tvrode's solution (2). Infusions were
performed in all animals under control conditions. Addi-
tional infusions were performed after each surgical de-
nervation described below and in some cases during a
constant intravenous infusion of epinephrine. The
above parameters were continuously recorded during
the infusions. All experiments were performed while
the animals rested unrestrained in a hammock. Two
davs separated each infusion,

Total peripheral resistance. expressed in peripheral
resistance units (PRU), was calculated

mean arterial blood pressure (mmHg:
- central venous pressure (mmHg)
mean aortic flow (mlmin)

PRU =

x 60 s/min

Values are reported as means or mean differences =
standard errors (SE). Statistical evaluation was made
by use of tl e Student ¢ test for paired comparisons (26).
P < 0.05 was considered significant.

Cardiac svmpathectormny. In six dogs a sterile thora-
cotomy was performed a 2nd time in order to loop surgi-
cal suture around the right ansa subclavia distal to the
right stellate ganglion. After establishing the control
responses to acute volume loading this suture. as well as
the one previously placed around the left ansa subcla-
via. was pulled to selectively cut the sympathetic nerves
to the heart (20). The sympathectomy was performed
when the animal was anesthetized. After recovery the
animals were reentered into the experimental protocol.
In three additional animals with onlv catheters im-
planted. the right ansa subclavia was looped and the
response to acute volume loading was observed before
and after the removal of the right ansa subclavia while
svmpathetic innervation to the left side remained in-
tact.

Baroreceptor denervation. After control responses
were obtained. five animals were anesthetized with so-
dium pentothal (30 mg/kg) and a midcervical incision
was made. The carotid sinuses were located and all the
vessels and other tissue above the bifurcation of the
common carotid arteries isolated, ligated. and sectioned
except the external and internal carotid arterjes. All
remaining excess tissue was stripped from the vessels
oniginating from the common carotid arteries. These

H.);l

procedures eliminated the reflex heart rate and blood
pressure responses to carotid occlusion (22, 23). All
branches of the vagus within 2 ¢cm below the superior
laryngeal nerves were also sectioned. Presumably this
procedure denervated the aortic arch and combined with
carotid sinus denervation resulted in an immediate rise
in blood pressure. Heart rate responses to the injection
of phenylephrine (10 ng) were abolished or drastically
reduced. These animals were allowed several days to
recover before reentering the experimental protocol.

Svympathetic deafferentation. In four additional ani-
mals the heart rate response to acute volume loading
was established. Subsequently. these animals were
anesthetized with sodium pentothal (30 mg/kg) and un-
der sterile conditions the dorsal roots T,-T, were sec-
tioned. The animals were allowed to recover 10-14 davys
and were reentered into the experimental protocol.

Drug administration. In order to artificially simulate
an increase in svmpathetic background activity, epi-
nephrine was infused intravenously in four additional
animals instrumented with catheters only. The infusion
rates were controlled so that heart rate was only mini-
mally increased. Subsequently. the predetermined level
of epinephrine infusion was maintained during the infu-
sion of Tyrode's solution.

RESULTS

A total of 66 control volume infusions were performed
in 22 conscious dogs. In each animal the infusion rate
was controlled in order to produce a continuous rise in
left atrial pressure. Increases in cardiac output and
heart rate typically paralleled the increase in left atrial
pressure during the first 1-2 min of infusion. These
responses then plateaued at levels consistent for each
individual animal at which time the infusion was termi-
nated. Mean cardiac output increased from an average
of 2,554 = 157 ml/min to an average maximum of 4,250
%+ 280 ml/min (n = 15 dogs). Average heart rate changes
were from 109 = 4 to 147 = 6 beats/min. Although
cardiac output increased dramatically, the change in
arterial pressure was not great (100 = 3 to 110 = 3
mmHg). Consequently, the peripheral vascular resist-
ance was markedly reduced (from 2.42 = 0.19to 1.43 =
0.15 PRU).

In order to identify specific efferent pathways in-
volved in the heart rate response, the cardiac sympa-
thetic nerves were selectively cut. In five dogs, removal
of the left ansa subclavia nerves only was without effect
on the heart rate response to volume infusion. However,
in three animals, section of the right ansa subclavia
alone reduced the AHR response to volume loading from
35 to 17 beats/min. In six animals, a total of 24 infusion
curves were obtained before and after bilateral section
of the ansa subclavia nerves. Cutting both the right and
left ansa subclavia reduced the average resting HR from
110 = 5 to 85 * 4 beats/min (P < 0.05). Arterial pres-
sure, cardiac output, and peripheral resistance were all
slightly, but not significantly, reduced due to nerve
section (Table 1). The peak change in heart rate due to
infusion was also reduced from the average control
change of 35 = 5 to 20 = 5 beats/min (P < 0.05). These
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TABLE 1. Comparison of hemodvnamic responses to volume loading

An = b Bin =5 Cin -4
Control Tula&ﬁ:;?::;;\jym» Control Humrﬂ:;;:!l.:: Dener- Contro) Left S'Xll:\nl;ﬂlhl'f‘
Cardiac output, ml/min - -
Resting 2.500 = 229 2.412 = 197 2,598 = 169 2,608 = 201 2,583 = 230 2,458 = 318
Peak 4,446 = 309 3.396 = 254 4,040 = 490 3.987 = 367 4,218 = 691 3,831 = 711
d 1,946 = 207 983 + 168 1.442 = 343 1.377 = 193 1,635 = 481 1,370 = 438
Heart rate, beats/min
Resting 110 =5 85> 4 105 = 6 102 = 3 112 = 9 106 = 7
Peak 146 = 7 105 = 6 142 = 8 131 = 4 152 = 15 14€ = 17
d 3B =5 20 =5 35 =4 33 = 39 =10 40 = 12
Mean arterial pressure. mmHg
Resting 97 = 6 88 = 5 102 =5 107 = 5 103 ~ 6 99 = 2
Peak 109 + 4 97 = 5 112 = 3 114 = 5 110 = 7 111 = 2
d 12 =3 9 x4 10 = 3 8 =3 6 =6 11 =2
Stroke volume. ml/beat
Resting 22.8 = 2.1 28.8 = 3.0 25 + 1.64 25.7 = 1.87 225 =15 22.7 = 3.1
Peak 311 =38 32428 27.4 = 2.19 28.3 = 3.8 26.6 ~ 1.5 25.7 = 2.2
d 88=16 37214 2.4 =23 26 = 3.1 42145 29 =11
Peripheral vascular resistance.
mmHg-s ml-'
Resting 2.38 = 0.28 2.18 = 0.23 2.32 = 0.20 2.41 = 0.25 2.35 = 0.06 2.48 = 0.48
Peak 1.30 = 0.12 1.49 = 0.14 1.48 = 0.20 1.52 = 0.16 1.45 = 0.26 1.67 = 0.38
d -1.08 = 0.17 -0.69 = 0.16 -0.84 = 0.08 -0.89 = 0.12 -0.90 =~ 0.22 -081 =0.15
d. mean difference.
values were not different from those observed after right e e ey
cardiac svmpathectomy only. In addition. as shown in
Fig. 1. the slope of the ascending portion of the heart | P e B
rate response curve was decreased following total car- Vd T B
diac sympathectomy. Thus. it is apparent that the right. ¢ / z
but not the left. cardiac sympathetic nerves contribute % __ A B
to the reflex HR adjustment to volume loading. Also, & 4 H
since the vagus remained as the only innervation to the / 3
heart. it too contributed to the heart rate response. & o< ¥ g
Because the initial HR as well as the maximum HR ; 8
response was reduced following section of the right ansa ‘
subclavia. the cardiac sympathetic nerves may only 80~
modulate the HR response to vagal withdrawal. . B o
It has been demonstrated that HR responses to s e 2 ow ox 0= coe 8z & x e
changes in vagal efferent activity are modulated by the vy | MEAN CEFT ATRIAL PRESSURE vy AN LEFT ATRAL PESSURE

existing level of sympathetic activity (16). To evaluate
the possibility that the contribution of the sympathetic
activity to the HR responses observed during volume
loading is modulatory. intravenous infusions of epi-
nephrine were initiated in four animals prior to the
inscription of the volume infusion curve. As shown in
Table 2, epinephrine significantly augmented the AHR
response to the volume infusion (range, 10-28 beats/min
increased response). After bilateral section of the ansa
subclavia intravenous epinephrine also increased the
AHR to volume loading (range 18-23 beats/min in-
creased response).

Since selective interruption of the ansa subclavia
might attenuate the heart rate response as a result of
partial deafferentation. the heart rate response was
examined in four additional animals before and follow-
ing sectioning of the dorsal roots (T,-Ts). This presum-
ably deafferented nonvagal cardiac innervation (20).
Neither resting heart rate (before, 95 = 5 beats/min;
after, 94 = 8 beats/min), nor the change in heart rate
(before, 43 = 6 beats/min; afier 36 + 4 beats/min) were
significantly altered due to dorsal root sectioning. Thus,
it appears that the afferent pathway for the heart rate

FiG. 1. Heart rate and cardiac output responses to volume loading
before and after bilateral cardiac sympathectomy. Average re-
sponses from each animal were considered a single observation.
Each curve represents average of same 6 animals.

response during volume loading lies primarily in the
vagus nerves.

As shown in Table 1 and Fig. 1, the influence of the
sympathetic nerves on the cardiac output response was
related to the heart rate changes. Under normal condi-
tions, volume loading increased the cardiac output from
2,500 = 229 to 4,446 + 309 ml/min. Following bilateral
section of the ansa subclavia nerves, the cardiac output
response was significantly reduced (control to peak was
2,412 * 197 to 3,396 = 254 ml/min) and was proportional
to the reduction in heart rate. As a result of the lower
resting heart rate, the stroke volume during control
conditions was increased (from 22.8 = 2.1 to 28.8 = 3.0
ml/beat). However, unlike the control response, stroke
volume was not significantly increased due to volume
loading after bilateral section of the cardiac svmpa-

thetic nerves (Table 1). Volume-induced peripheral re- A

sistance changes were attenuated by cardiac sympa-

- oy
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raBLE 2. Influence of epinephrine on heart
rate response to volume loading

Heanrt Kate. beatsymin

c Ep TS Ep - TS
Rest 89 98 89 84
Peak 129 151 107 122
d 37 53 18 38
Range 31-39 41-67 15-21 33-45

n = 4. Intravenous infusion of epinephrine (Epi! was maintained
during volume loading before cardiac sympathectomy and after car-
diac sympathectomy (Epi + TSi. These respunses a.e compared with
control (C) infusions and infusion after cardiac sympathectomy (TSt
without epinephrine. d. mean difference.

thectomy even though the final total peripheral resist-
ance reached was not significantly different. The reduc-
tion in cardiac output may account for this change. No
significant difference in the peripheral resistance re-
sponse was noted after left sympathectomy alone (Table
1.

In order to identify a possible involvement of the
arterial baroreceptors in the heart rate or peripheral
resistance changes. sinoaortic denervations were per-
formed in five animals from which 12 infusion curves
had been obtained. Following the denervation. 12 addi-
tional infusions were performed. As shown in Table 1
and Fig. 2. neither the resting values of heart rate and
cardiac output nor their responses to the infusions were
significantly altered. Acute volume loading caused sim-
ilar declines in peripheral resistance {from 2.35 to 1.45
PRU before baroreceptor denervation. and from 2.48 to
1.67 PRU after denervation! which appeared to be lin-
early related to the rise in cardiac output (Fig. 3). This
suggests that mechanisms other than the arterial baro-
receptors are involved in the regulation of peripheral
resistance during acute volume loading.

DISCUSSION

Evidence has been presented to show that increases in
arterial pressure during acute volume loading are asso-
ciated with a significant tachycardia which is influ-
enced primarily by changes in efferent vagus nerve
activity with a lesser but significant cuntribution
through the right cardiac sympathetic nerves. The fact
that the AHR response to volume loading was less after
section of the right, but not the left. ansa subclavia adds
additional support for the role of the right cardiac sym-
pathetic nerves in the reflex HR response to volume
loading. Furthermore, in our study. since removal of the
dorsal roots from T, to T; did not alter the heart rate
response to volume loading, one may assume that the
afferent pathway is in the vagus nerves. It is clear from
the rosults of this study that sino-aortic denervation did
not alter the magnitude of the heart rate response. A
similar observation was noted by Vatner et al. (28
during modest infusions.

Since the results in this study and others (10, 28) have
demonstrated that tachycardia due to volume loading is

T =0 BEIONE DX ECCONA QOrOrvO 1O
O A1160 DU ECEDION OONErVTIOn

180 = /

HEART RATE (beats/min}
MEAN CARDIAC (TR Y

—— - — - -
° s 8 . - o 23 s 2 ] 2 ®

CHANGE IN MEAN LEFT ATRIAL PRESSURE
(mm rgt
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FIG. 2. Heart rate and cardiac output responses to volume loading
beforz and after arterial baroreceptors denervation. Each curve rep-
resents average of same 5 animals.
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F1G. 3. Relationship between peripheral vascular resistance and
cardiac output during volume infusion. Each curve represents aver-
age of same 5 dogs.

influenced by both vagal and sympathetic efferent path-
ways, it is possible that the magnitude of the response
may depend on a reciprocal relationship between vagal
and sympathetic neural activity reaching the SA node
(9, 12). Direct nerve stimulation has indicated that con-
trol of heart rate is dominated by the vagus (16. 29).
When vagal efferent activity is held constant, large
changes in cardiac svmpathetic efferent activity are
required to alter heart rate substantially (15, 16). On
the other hand. from the same studies. it is apparent
that when sympathetic activity is held constant. small
changes in vagal nerve activity can cause large changes
in heart rate especially when resting sympathetic activ-
ity is high. In onr study, it is conceivable that the heart
rate response could result from a combination of small
decreases in vagal activity and concurrently much
larger increase in sympathetic activity. However. large
increases in sympathetic activity seems unlikely for the
following combination of reasons: i) approximately 60%
of the heart rate response remained following the elimi-
nation of the sympathetic input. ii) Following vagal
blockade. the tachycardia response to volume loading is
eliminated. This suggests that the sympathetic activity
is not increasing appreciably (10, 28), but rather. the
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vagal influences were more significant in the face of
background sympathetic activity.

The concept that the background level of sympathetic
activity can modify vagal influences was tested in the
present study by controlled infusion of epinephrine
which had only a slight effect on the resting heart rate.
This caused the peak heart rate response to acute vol-
ume loading to be increased in either intact or cardiac
sympathectomized animals. From this, one can con-
clude that the magnitude of the response to vagal with-
drawal can be increased by increasing the existing sym-
pathctic activity (i.e.. concentration of catecholamine at
the SA n- .- «. This conclusion is supported by the work
of Levy u... Zieske (16) in which combined electrical
stimulation of the vagus and sympathetic nerves to the
heart was emploved. When the basal heart rate was
moderately elevated by tonic sympathetic stimulation,
increases in heart rate due to reduced vagal stimulation
were much more dramatic (15. 16). Similar heart rate
dependency upon the resting sympathetic activity is
evidenced when comparing the effects of vagal blockade
on the control heart rate before and after elimination of
svmpathetic influences (10. 28).

Although volume loading may stimulate receptors. in
addition to those shown to be in the atrial-venous junc-
tion. similarities do exist between the responses ob-
served during volume loading and some of those re-
ported during direct tissue stretch. Edis et al. (6) re-
ported that the magnitude of the heart rate response to
stretch of the pulmonary vein-atrial junction depended

upon both efferent vagal and cardiac sympathetic’

nerves. In their study. when carotid sinus pressure was
manipulated to maintain heart rate lower than 140-150
beats/min stretch of the junction produced tachvcardia.
When manipulation of the sinus pressure forced heart
rate above 150 beatsimin (presumably withdrawing the
vagus and activating the cardiac sympathetic nerves)
stretch of the pulmonary vein-atrial junction caused
bradycardia. Reversal of responses is explainable if one
considers that the efferent activity in both groups of
nerves could simultaneously be reduced during disten-
sion. This concept is supported by the work of Levy et al.
{16) in which withdrawal of vagal activity dominates
heart rate changes until the vagus is silent. Further
evidence that cardiac sympathetic activity can with-
draw during volume infusion is the bradycardia follow-
ing vagal blockade (2, 10, 28) as well as the bradycardia
seen during coronary occlusion in sinoaortic denervated
animals with heart rates greater than 150 beats/min
(23).

Our study also demonstrated an important vasodila-
tor effect during volume infusion. Sinoaortic denerva-
tion failed to demonstrate high pressure receptor in-
volvement in these peripheral resistance changes. Pre-
vious studies have shown a small vasodilator effect by
stimulation of atriovenous junction receptors (6) but
volume loading studies have failed to support a substan-
tial contribution through afferent vagal involvement
(3). Therefore, one may presume that the observed pe-
ripheral resistance responses primarily involved direct
vasodilator influences secondary to increased cardiac
output. '

V. 3. BISHOP AND D. F. PETERSON

Acute volume loading in the conscious animal re-
sulted in a proportionately larger increase in cardiac
output than arterial pressure. Consequently, total pe-
ripheral resistance declined as cardiac output was in-
creased. Liedtke et al. (17) changed cardiac output in
anesthetized dogs by altering cardiac pump perform-
ance either through changes in coronary perfusion or
calcium ion concentration in the perfusion of the coro-
nary beds. They also observed a similar decline in pe-
ripheral resistance with increasing cardiac output.
However, following bilateral baroreceptor denervation
and vagotomy, they ohserved an increase in peripheral
resistance with increasing cardiac output. They con-
cluded that total body autoregulation occurred when the
arterial baroreflexes from the carotid and aortic arch
were eliminated. In our study, bilateral removal of the
carotid and aortic baroreceptors did not alter the rela-
tionship between resistance and cardiac output.

Sagawa and Eisner (24) also failed to observe signifi-
cant whole-body autoregulation in anesthetized vagoto-
mized dogs either before or after the abrogation of arte-
rial baroreflexes. Assuming a rectilinear relationship
between pressure and flow, theyv observed a near con-
stant peripheral resistance when pressure and flow
were varied from 60 to 140%. Although much less than
we observed, the pressure-flow relationship in their
study was convex toward the flow axis, indicating that
as cardiac output increases above normal the peripheral
resistance declines. Theyv suggested that this may be
due to arterial baroreceptor reflexes. However. in the
conscious animal. baroreceptor denervation did not al-
ter the relationship, suggesting other mechanisms for
vasodilitation at flow rates above normal.

A detailed study by Shepherd et al. (25) may explain
our observations. They noted little autoregulation in
areflexive dogs even though arterial pressure was re-
duced to 50%. Oxygen delivery was found to be main-
tained by increasing oxygen extraction. However. when
initial O, extraction ((a-v)O, difference; was increased
either by epinephrine infusions or ventilatorv induced
hypoxia. flow autoregulation occurred. In these con-
scious animals it is unlikely that the O, delivery is
limited by either extraction or flow. Consequently. at
above normal flow rates the pressure-flow relationship
may become convex toward the flow axis.

Previous studies have demonstrated a role of the car-
diopulmonary rzceptors in the regulation of vascular
resistance (6, 19, 21). Furthermore. vagal afferents have
been shown to inhibit the sympathetic outflow to the
peripheral vascular beds (19). However, in conscious
dogs cold block of the vagus does not apparently alter
the cardiac output and arterial pressure relationship
during volume loading (2). However. it is possible that
volume loading decreases the restraint exerted by the
arterial baroreceptors (27), thereby minimizing the in-
fluence of the low-pressure receptors on the sympathetic
outflow (19).
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Cardiovascular responses to electrocardiogram-coupled
stimulation of rabbit aortic nerve

H. 0. STINNETT, D. F. PETERSON, AND V. S. BISHOP
Department of Pharmacology, University of Texas Healih Science Center, San Antorio, Texas 78284

Stinnerr, H. O., D. F. PeTERSON, AND V. S. Bisuor. Car-
diovascular responses to electrocardiogram-coupled stimula-
tion of rabbit aortic nerve. Am. J. Phyriol. 230(5): 1374-1378.
1976. — Electrical stimulation of the rabbit’s sortic nerve
during one or more cardiac cycles resulted in a reflex fall in
heart rate and mean arterial blood pressure (MAP). The onset
of bradycardia and of fall in MAP were independent of the
number of beats stimulated. The initial slope of the heart rate
and MAP responses increased as the number of beats stimu-
lated increased, reaching a maximum at five beats of stimula-
tion. Bradycardia peaked 8 and 10 beats after the end of one
and two cycles of stimulation, respectively, while the peak
response occurred at, or prior to, the end of stimulation when
12 or more beats were involved. Onset and recovery of both
responses were consistent, and seldom did MAP indicate a
return toward control during stimulation. Thus, central nerv-
ous system modulation of sympathetic activity to the periph-
eral vasculature was sustained as long as the aortic nerve
input was maintained. However, reflex control of heart rate
was more complex, involving simultaneous alteration in both
vagal and sympathetic efferent activity.

baroreceptor reflexes; heart rate; blood pressure

CONTINUOUS, SUPRAMAXIMAL STIMULATION of the aortic
nerve results in sustained depression in heart rate (%)
and blood pressure (3, 10). The chronotropic response
has been shown to involve activation of both myelinated
and unmyelinated afferent fibers that reflexly modify
both vagal and sympathetic influences on the heart (6,
7). Blood pressure changes appear to be influenced by
activation of myelinated and unmyelinated afferents (3,
10), and the efferent limb associated with this response
is in the sympathetic nerves that alter peripheral vascu-
lar tone (6, 7). Recent work has indicated that electrical
stimulation of the afferent aortic nerve, confined to one
cardiac cycle, can produce transient bradycardia (5).
Similar direct evidence for beat-to-beat blood pressure
regulation has not been demonstrated. In addition, lit-
tle is known about the time course of reflex blood pres-
sure adjustments or of their temporal relationship with
beart rate changes during aortic nerve activation.

The purpose of this study was to examine qur ntita-
tively the extent and time course of the reflex change in
heart rate and blood pressure resulting from electrical
stimulation of the left aortic nerve in the rabbit. Stimuli
were synchronized with the R wave of the electrocardi-
ogram (ECG) and the total duration of stimulation was
varied in order to determine whether the responses or

their relationship to each other were dependent on the
number of cardiac cycles activated.

The rabbit was used in this study because its aortic
nerve is easily identifiable, anatomically separate, and
composed almost entirely of afferent fibers originating
from baroreceptors in or near the aortic arch (1, 10).

METHODS

Fourteen rabbits weighing 1.7-2.5 kg were anesthe-
tized with pentobarbital sodium via an ear vein (Diabu-
tal, Diamond Laboratories, Inc., 30 mg/kg iv). Supple-
mental anesthetic was administered through a cannu-
lated femoral vein. The femoral artery was also cannu-
lated and connected to a Statham P23db strain gauge for
blood pressure recordings. Heart rate was monitored via
sternal needle electrodes connected to a Beckman 9857B
cardiotachometer coupler. Blood pressure and heart
rate were initially recorded on a Beckman R411 oscillo-
graph with parallel output signals to a Digital Equip-
ment Corporation PDP-8/E digital computer. A trache-
otomy was performed and the animals were artificially
ventilated by the technique published previously (6) to
assure maintenance of normal blood Po,, Pco,, and pH.
Through a midventral incision, the left aortic nerve
(LAN) was located in the cervical region, carefully iso-
lated from surrounding tissue for about 1 cm, sectioned
near the sternum, and bathed in mineral oil, as previ-
ously described (6). The central end of the LAN was
placed onto bipolar (plantinum iridium) electrodes that
were connected to a Grass SD9 stimulator. Nerve stimu-
lation was accomplished by synchronization of the
Schmidt trigger of the computer with the R wave of the
ECG. The Schmidt trigger then activated the stimula-
tor. Thus, regulation of stimulus timing and stimulus
parameters. as well as continuous calculation of the
length of each R-R interval and beat-to-beat mean blood
pressure, wis accomplished with the computer and spe-
cial computer program systems. An experimental trial
consisted of: 1) 10 successive control cardiac cycles, 2/
bursts of electrical stimuli coupled to each R wave of the
ECG beginning with the 11th interval and continuing
through a predetermined number of beats, and 3) con-
tinuous data collection through recovery to control.
Each burst of electrical stimulation was made up to 10
square-wave impulses (10 V) inserted 10 ms after the
recorded R wave of the ECG. The impulse duration was
0.3 ms, stimulus frequency was 80 Hz, and burst dura-
tion was 113 ms. Each combination of stimulus condi-
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tions was repeated 10 times in succession, and the aver-
age R-R interval-and blood pressure were calculated by
the computer for each cardiac cycle during control as
well as during and after stimulation periods. The num-
ber of beats stimulated included 1, 2, 5, 12, 20, 40, and
120, and the order of stimulation was randomized be-
tween animals. From the averaged trial data, the peak
change in R-R interval duration and blood pressure, as
well as the latencies to onset and peak responses, were
calculated. Digital analysis was made by the computer
and computer-linked oscilloscope displays of the re-
sponses were obtained and photographed.

The latency to onset (LTO) was measured as the tune
from the beginning of stimulation to the first beat indi-
cating a fall in heart rate or blood pressure below the
average control values. The initial mean slope values
for the various curve components, representing the ini-
tial rate of change in the respective response, were
calculated based on the average unit change (ms or
mmHg, respectively) per unit time during the first 10
beats after onset. Latency to peak (LTP) bradycardia
was measured as the time from the beginning of the
stimulus to the end of the beat with the longest interval
time. The LTP hypotension was measured as the time
from the beginning of stimulation to the end of the first
beat having the minimum mean blood pressure. Time
constants for the recovery after stimulation were deter-
mined by measuring the time from initiation of the
recovery response until heart rate or blood pressure had
recovered toward eontrol by 67% of the original dxsplace-
ment.

Values are reported as the mean or mean difference +
SE. Statistical evaluation was made by use of the Stu-
dent ¢ test for paired eompansons, P < 0.05 was consid-
ered significant.

RESULTS

Figure 1 presents average heart rate (measured in R-
R interval time) and mean blood pressure response
curves recorded simultaneously during 120 beats of
stimulation for one animal. During LAN stimulation of
this number of heartbeats, both maximal reflex brady-
cardia and hypotension were attained in all animals
studied. Each curve and point in the curve represents
the average value for 10 successive trials. After aortic
nerve stimulation began (zero time) onset of heart rate
changes occurred quickly (2nd beat). Onset of mean
blood pressure change, however, did not occur until the
9th or 10th beat.

The heart rate response during 120 beats of stimula-
tion was characterized by an initial rapid fall inter-
rupted by an abrupt decrease in slope ("shouider”) (Fig.
1). Usually, heart rate continued to fall slightly but the

difference between the shoulder and the peak response

did not prove to be significant. In all cases there was a
slight tendency for heart rate to return toward control
before stimulation ceased, probably a result of intact
carotid sinus baroreceptors responding to the falling
blood pressure.

‘A reflex arterial blood pressure response similar io
that shown in Fig. 1 was obtained in all animals. Simi-
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nc. 1. Oscillograph display of reflex bradycardia (change in R-R
interval time of ECG) and blood pressure fall [change in mean
arterial pressure (MAP)] produced in 1 rabbit during electrical stim-
ulation of left aortic nerve (LAN) for 120 heartbeats. Both response
curves are average of 10 trails. Stimulation initiation is at zero. Each
point represents average R-R or MAP value recorded per heartbeat
and displayed on a Digital Equipment Corporation PDP-8 computer
oscilloscope. Ordinate: R-R (5 ms/division left scale: bottom to top)
and decrease in MAP (5 mmHg/division right scale; top to bottom,.
Abscissa: heartbeat number from beginning of stimulus (zero). Ar-
rows indicate beginning and end of stimulation.

lar onsets were also observed in all animals, but varia-
tions in the latency to peak and the peak response were
found (Fig. 2B).

When stimulation of the LAN was terminated, the
onset of recovery for heart rate began in two cardiac
cycles, whereas mean arterial pressure changes, on the
average, were delayed eight cycles.

Bradycardia occurs after supramaximal stimulation
of the aortic nerve during one R-R interval. Our results
confirm this and further demonstrate that a blood pres-
sure depression also occurs (Fig. 2B). As shown in Fig.
2, the time course and magnitude o. the heart rate and
blood pressure responses were influenced by the number
of beats in which the LAN was stimulated. Each curve
represents the average of response for all animals sub-
jected to that number of beats of stimulation. For clar-
ity, results for 2 and 12 beats of stimulation were omit-
ted from Fig. 2. The average control R-R interval was
203.5 + 3.8 ms (SE); the range was 195.4-208.7 ms. The
onset of bradycardia was essentially the same for all
levels of stimulation, occurring between the first and
second beat, mean 1.4 = 0.3 beats (LTO, 235 = 77 ms).

" However, the initial mean slope increased progressively

as the number of beats stimulated increased from one to
five (Figs. 24, 34). Beyond five beats, no further in-
crease was observed. The slope value for the curve
associated with the response at one beat of stimulation
was significantly different from that for five (P < 0.05),

-but not that for two. The respective mean peak brady-

cardia values are illustrated in Fig. 24 and 3C for
comparison at each increased number of cardiac cycles
stimulated. As the number of beats stimulated in-
creased, the peak bradycardia increased until the num-

ber stimulated exceeded 40. Thus, the maximum brady-
cardia elicited from a supramaximal electrical stimula-
tion of the LAN occurred on the average at 47 beats and
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ric. 2. Oscillograph display of computer-controlied overlays of
magnitude and time course of average HR and MAP response when
LAN was stimulated for 1, 5, 20. 40, and 120 cardiac cycles in the
rabbit (abbreviations same as in Fig. 1). A: average bradycardia
(AR-Rifor 1 (n = 5),5(n = 8), 20 (n = 6), and 120 (n = 7) beats of
LAN stimulation (n = number of animals). Ordinate: change in R-R
interval time. Abscissa: heartbeat number from beginning of stimu-
lus (zero). Stimulation starts at zero for each curve. B: average blood
pressure fall (A4 MAP) for same animals and number of beats of LAN
stimulation as in A. Ordinate: change in MAP. Abscissa: same as
Fig. 1. Stimulation starts at zero for each curve.

resulted in a 23% reduction in heart rate from control
levels. In Fig. 24 it is also apparent that the average
bradycardia response curves for 40 and 120 beats of
stimulation display an abrupt change in slope or shoul-
der. The magnitude of the responses at this shoulder
was 35.6 = 8 and 32.8 = 10.2 ms increase in R-R inter-
val, respectively. These shoulder values are not signifi-
cantly different from the peak values of their respective
curves or the peak value after 20 intervals of stimula-
tion. However, these shoulders were always easy to
identify and occurred significantly earlier (17 and 20
intervals) on the respective response curves. The LTP
bradycardia values for the various beats of stimulation
are listed in Table 1. The LTP values for one, two, and
five beats of stimulation were not significantly different
from each other. Values for 12, 20, 40, and 120 beats of
stimulation were significantly different (P < 0.05) from
the prior values and from each other (Table 1).

After stimulation, individual time constants were de-
termined for the respective bradycardia recovery curves
and not found to be significantly different; the mean of
the averages was 2.5 s or 11.5 beats.

The respective curves representing mean blood pres-
sure responses are shown in Fig. 2B for the same ani-
mals as in Fig. 2A. The average of the control MAP
values was 84.6 = 2.8 mmHg (range 81.6-80.9). Onset of
hypotension is essentially the same regardless of the

. STINNETT, PETERSON, AND BISHOP

TAaBLE 1. Latency to peak bradycardia and decrease in
blood pressure from left aortic nerve stimulation

Sumu- Latencies

oa  ®

£3 Braiewta me ST Bk prire a7
1 5 1836 = 129 9 3733 = 215 18
2 8 2234 = 158 10 4924 = 300 25
5 8 2307 = 307 10 5106 = 350 25
12 7 2924 = 231 12 5445 = 323 26
20 6 4350 = 117 20 6619 = 252 32
40 6 9356 = 264 41 11234 = 302 48

120 7 11288 = 1253 47 18110 = 1815 91

Values are means = SE.

number of beats stimulated and occurred between the
eighth and ninth beat after stimulus initiation (LTO
1,880 + 230 ms). Hence, the onset of MAP change is
delayed for at least six beats or more than 1,600 ms
compared with bradycardia onset. Initial mean slope
averages were calculated for each duration of stimula-
tion (Figs. 2B and 3B). The slopes for one and two beats
were significantly less than the initial slope for five
stimulated beats or more. No further significant in-
crease in slope was observed when more than five beats
were stimulated (Fig. 3B). On the average, maximal
MAP depression occurred after 90 successive beats of
stimulation of the LAN and averaged 28.9 = 5.1 mmHg
or a 35% decrease from control values (Fig. 3D). The
LTP hypotension averages for the various number of
cardiac cycles stimulated are listed in Table 1. The
average LTP for 2 beats was significantly different (P <
0.05) from 1 but not from five or 12 stimulated beats. The
LTP averages for 20, 40, and 120 stimulated beats were
progressively and significantly larger (P < 0.05) than
each prior value respectively. When the LAN had been
stimulated for 120 beats, MAP continued to remain
maximally depressed for an average of eight beats after
the stimulation was stopped. The MAP did not peak
until after the end of stimulation when stimulation was
confined to 40 beats or less and in all cases recovery was
delayed at least 8 beats after stimulation ceased. Blood
pressure did not recover as rapidly as heart rate. Time
constants were calculated for the recovery part of the
blood pressure response curve. No significant difference
was found between these time constants and the mean
of the averages was 8.5 = 0.7 s or 45 beats.

Finally, to determine whether or not blood pressure
depression during aortic nerve stimulation might be
influenced by a fa!l in cardiac output due to bradycar-
dia, the peripheral end of the sectioned right vagus was
stimulated. Electrical stimulation parameters were the
same as LAN stimulation except that voltage was ad-
justed (ranging between 3 and 3.5 V) to obtain a heart
rate change similar to that observed during LAN stimu-
lation. As a result of vagal stimulation in two animals,
average R-R interval increased 67 ms or 31% over con-
trol while MAP fell only 5.7 mmHg or 5.9% below con-
trol. Thus, the significant hypotension observed during
left aortic nerve stimulation cannot be explained solely
as a result of a depressed cardiac output secondary to
the bradycardia.
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nc. 3. Mean (bar) = SE (bracket) of initial mean slope and peak
bradycardia and MAP depression values (ordinate) during selected
beats of LAN stimulation in rabbit (abscissa). Abbreviations same as
in Fig. 1. A: bradycardia initial mean slope (ms/s) for 1, 2, 5, 12, 20,
40, and 120 beats of stimulation. All values for 5 beats or more are
significantly different from 1 and 2 beats (P < 0.05). B: mean arterial
pressure initial mean slope (mmHg/s) for same animals and beats of
stimulation as in A. Values for 5 through 40 beats are significantly
different from 1 and 2 beats (P < 0.05). C: peak bradycardia (ms) for
same animals and beats of stimulation as in A. Maximum reflex
bradycardia was observed on average after 47 beats of LAN stimula-
tion. D: peak MAP depression (mmHg) for same animals and beats of
stimulation as in A. Maximum reflex MAP depression was observed
on average after 90 beats of LAN stimulation.

DISCUSSION

Supramaximal stimulation of the LAN during one or
more cardiac cycles resuited in a reflex reduction in both
heart rate and blood pressure. In all animals used, and
for any number of beats stimulated, the onset of brady-
cardia occurred within two beats from the beginning of
stimulation and the onset of hypotension six or seven
beats later. Therefore, the latency to onset for both
responses is dependent on information received from the
first beat stimulated irrespective of the number of beats
stimulated.

Heart rate response to aortic nerve stimulation in the
rabbit that was confined to one cardiac cycle has already
been demonstrated (5). Our results have confirmed this
finding and have shown that blood pressure too can be
influenced in like manner. However, because the blood
pressure changes were much later, it'is apparent that
rapid regulation of systemic pressure is limited by a
significant delay in the physiological system.

Previous studies in the rabbit have indicated that the
rapid onset of bradycardia involved myelinated afferent
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fibers and vagal efferent fibers (6, 7). Fiber types in-
volved and possible implications in the slower onset of
blood pressure changes have not been investigated.
Thus, it is not clear whether the delay in onset of
hypotension is the result of a CNS or effector organ
process. Interestingly, the onset delay for hypotension
observed in this study is similar to the delay in brady-
cardia onset after vagotomy previously reported (7). In
that study, cardiac sympathetic influence appeared to
be primarily dependent on alteration of aortic nerve A
fiber activity. Douglas et al. (3) suggested that the
earliest and most rapid onset of hypotension observed in
rabbits resulted from stimulation of small, myelinated
aortic nerve A fibers. Thus, myelinated afferents are
likely involved in this slow-onset peripheral sympa-
thetic response. In a recent study, de Groat and Lalley
(2) indicated that the feline carotid sinus reflex sympa-
thetic conduction times, from afferent through central
delay to postganglionic efferent activity, ranged from 72
to 217 ms. On the other hand, Warner and Russell (11)
stimulated the canine cardiac sympathetic nerves (pri-
marily postganglionic efferent fibers) and observed 1.5-
to 2-s time delays both in the onset of tachycardia and
return of the heart rate to control levels. These delays
are similar to those associated with blood pressure
changes in the present experiments and those of Kardon
et al. (7). Hence, the neutral conduction time is rela-
tively rapid and comprises a small portion of the time
required for initiation of reflex cardiovascular re-
sponses. The major portion of the observed time require-
ment for reflex blood pressure change appears to invoive
mechanisms at the effector organ site.

The initial mean slope of both the heart rate and
blood pressure responses was not constant when the
number of intervals stimulated was altered between one
and five. In both responses the slope became progres-
sively steeper as the number of cardiac cycles stimu-
lated was increased up to five. Any number of beats
stimulated beyond five did not elicit further change in
the slope. Such changes in slope suggest an important
reinforcement phenomenon that might function to max-
imize the rate of response to a persistent change in
afferent baroreceptor nerve activity. Whereas brief
changes in nerve activity (involving less than five car-
diac cycles) would elicit subtle readjustments, changes
involving five cycles or more would maximize the rate of
response.

In the present study, peak bradycardia in response to
stimulation of the LAN for 1, 2, and 5 cardiac cycles
occurred at 8, 10, and 10 beats, respectively. Thus, the
peak response occurred well after stimulation ceased.
However, with stimulation of 12 or more intervals, the
peak response occurred at or prior to cessation of stimu-
lation and recovery responses began within 2 beats. At
present it is not known what CNS mechanism might be
involved to cause continued development of the response
after low stimulus durations. Similar nonlinear input-
output was noted by Katona and Barnett (8). They
observed in the cat and dog a difference between the
phasic activity of the baroreceptor fiber and the non-
phasic, prolonged activity of the cardiac vagal fiber
after imposition of blood pressure changes. It is possible
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that barorecept.or afferents initiate a "reverberating ac-
divity” in the CNS similar in nature to that hypothe-
sized by Hockman and Talesnik (4), which modifies
afferent input resulting in prolonged efferent output
after short-duration stimuli. However, to explain the
rapid "off” and recovery response observed at longer
stimulus durations, an additional mechanism must be
considered. One possibility could be that when stimulus
duration is extended into the period when blood pres-
sure is depressed, and is detectable by the intact aortic
and carotid sinus baroreceptors, attenuation or inhibi-
tion of this reverberating modulatory activity results
from altered afferent activity from these receptors.

Significant hypotension was_ not associated with bra-
dycardia produced by efferent vagal stimulation in this
study. Hence, the fall in blood pressure during LAN
stimulation was primarily due to a reflex decrease in
vascular sympathetic tone. If blood pressure was influ-
enced by bradycardia, the relationship was too subtle to
be identified by our methods.

Onset and recovery of both heart rate and blood pres-
sure responses were consistent and there was seldom
any indication that blood pressure returned toward con-
trol during stimulation. This suggests that CNS modu-
lation of sympathetic activity to the peripheral vascula-
ture is sustained as long as the aortic nerve input is
sustained in spite of the falling blood pressure. On the
other hand, the reflex control of heart rate is more com-
plex, involving simultaneous alterations in both vagal
and sympathetic efferent activity.

The onset interval and initial mean slope for reflex
bradycardia during the first 10 intervals must be me-
diated principally through vagal efferents. The LTP for
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Reduction in Baroreflex Cardiovascular Responses
Due to Venous Infusion in the Rabbit

Henry O. STINNETT, PH.D., VERNON S. BisHop, PH.D., anp D. FrReD PETERSON, PH.D.

SUMMARY We studied reflex bradycardia and depression of
mean arterial blood pressure (MAP) during left aortic nerve
{(LAN) stimulation before and after volume infusion in the anes-
thetized rabbit. Step increases in mean right atrial pressure
(MRAP) to 10 mm Hg did not result in a significant change in
heart rate or MAP. After volume loading, responses to LAN
stimulation were not as great and the degree of attenuvation was
proportional to the level of increased MRAP. A change in re-
sponsiveness was observed after elevation of MRAP by only 1
mm Hg, corresponding to less than a 10% increase in average
calculated blood volume. After an increase in MRAP of 10 mm
Hg, peak responses were attenuated by 44% (heart rate) and

VOLUME LOADING. sufficient to raise the venous
pressure and dilate the heart. has been observed to pro-
duce striking cardiovascular responses.'”® Since Bain-
bridge?® first reported an increase in heart rate during
intravenous infusion many studies have attempted to de-
scribe the efferent pathways*~* of reflexes originating from
receptors located in the cardiopulmonary region.'~** Still,
the interaction of the low pressure cardiopulmonary re-
ceptors with the arterial baroreflex system is not clear."
Under conditions of arterial baroreceptor isolation or de-
nervation. tne receptors in the cardiopulmonary region
that are subserved by afferent vagal fibers have been
shown to exert a restraint on the sympathetic adrenergic
outflow to the peripheral vasculature in the dog" and
rabbit.’” Recently, Vatner et al.? found that arterial baro-
reflex sensitivity in dogs is reduced as atrial pressure is
increased by volume loading and suggested that the set
point or gain of the arterial baroreflex system is altered
during infusion. These alterations might occur at either the
receptor site or in the central nervous system. Although
recent evidence™ " does suggest that reflex responses
from one input are modified by other afferent inputs
through integration in the central nervous system, it is
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52% (MAP), and the initial siopes (rate of change) were reduced
by 46% (heart rate) and 66% (MAP). Comparison of the re-
sponses after infusion with blood and dextran solutions indicated
that hemodilution was an unlikety expianation for the attenuation
of the reflex responses. Total arterial baroreceptor denervation
(ABD) abolished the volume-related attenustion of the cardio-
vascular responses, whereas attenusation was still present follow-
ing bilateral aortic nerve section or vagotomy. It thus appears that
the carotid sinus responds to changes in blood volume and influ-
ences the reflex cardiovascular responses to afferent stimulation
of the LAN. On the other hand, cardiopulmonary receptors
subserved by vagal afferents do not appear to be involved.

unlikely that specific modification of systemic arterial bar-
oreceptors is involved. In the dog. Gupta et al.?* found
dramatic increases in atrial type B receptor activity with
volume expansion, while observing only small changes in
activity of individual aortic fibers. However, later work by
Edis®' demonstrated that the aortic baroreceptor in the
dog shows little tonic activity: consequently, in the dog.
one would not expect to see large changes in aortic nerve
activity with modest alterations in vascular volume. On the
other hand. in the rabbit, Kumada and Sagawa®? found the
aortic baroreceptor nerve activity recorded from multifi-
ber preparations to be proportional to modest blood pres-
sure changes during 20% volume loading and 10% blood
loss.

This study was designed to investigate the influence of
volume expansion on responses to aortic nerve stimulation
in the intact and selectively denervated rabbit. Heart rate
and blood pressure responses were measured before and
after steady state alterations in mean right atrial pressure
(MRAP). The relative influence of low and high pressure
receptors was examined and the threshold for atrial pres-
sure necessary to effect altered responses was determined.
The rabbit was chosen as the model for study because it
has an easily identified aortic nerve which subserves only
baroreceptors, and the vascular responses are well de-
fined.?

Methods

Twenty-four rabbits weighing between 1.48 and 2.23 kg
were anesthetized with sodium pentobarbital (Diabutal.
Diamon Laboratories). 30 mg/kg. iv, via an ear vein for
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this study. Supplemental anesthetic was administered
through a cannulated femoral vein to maintain a light level
of surgical anesthesia. The descending aorta (via the femo-
ral artery) and the right atrium (via the jugular vein) also
were cannulated and connected to Statham P23Db and
P23Bb strain gauges to record arterial and right atrial
pressures, respectively. Heart rate was monitored through
sternal needle electrodes connected to a Beckman 9847B
cardiotachometer coupler.* Blood pressures and heart
rate initially were recorded on a Beckman R411 oscillo-
graph with parallel output signals from the arterial pres-
sure and heart rate channels connected to a DEC PDP 8/E
digital computer. A tracheostomy was performed and the
rabbits were artificially ventilated by the technique pub-
lished previously®! to ensure maintenance of normal blood
Po,. Pco,. and pH. Through a midventral incision, the left
and right aortic nerves were located in the cervical region
and carefully isolated from surrounding tissue for about 1
cm.?* 2 [n addition. in four rabbits the vagi, and in five
rabbits the carotid sinus nerves, also were carefully iso-
lated and looped with a loose thread for identification
prior to bilateral sectioning. Loss of the reflex responses
due to bilateral carotid occlusion verified carotid sinus
denervation.® After carotid sinus denervation total arte-
rial baroreceptor denervation (ABD) was considered
complete when both aortic nerves also were sectioned. In
all rabbits the left aortic nerve (LAN) was sectioned near
the sternum and bathed in mineral oil, as previously de-
scribed?!, *® The central end of the LAN was placed on
bipolar (platinum-iridium) electrodes which were con-
nected to a Grass SD9 stimulator. The stimulator was
activated by the Schmitt trigger of the computer which was
synchronized with the R wave of the electrocardiogram
(ECG). Regulation of the stimulus timing and stimulus
parameters, as well as continuous calculation of the length
of each R-R interval and beat-to-beat mean arterial pres-
sure (MAP), were accomptished using the computer and
special computer program systems. An experimental triai
consisted of: (1) 10 successive control cardiac cycles, (2)
bursts of electrical stimuli coupled to each R wave of the
ECG beginning with the 11th interval and continuing
through 120 intervals, and (3) continuous data collection
through recovery to control. Each burst of electrical stim-
ulation was made up of 10 rectangular pulses (10 V)
delivered 10 msec after the recorded R wave of the ECG.
The impulse duration was 0.3 msec, the stimulus fre-
quency was 80 Hz, and burst duration was 113 msec. For
each experimental condition data from five or more trials
were averaged for each rabbit. The peak change in R-R
interval and blood pressure, the latencies to onset and
peak responses, as well as the initial siope for each re-
sponse. were calculated as previously described.®

The heart rate and blood pressure responses to LAN
stimulation were studied in 14 rabbits infused with dextran
in physiologic svlution, 5 g/1.000 ml (dextran 40, mol wt
40,000, Pharmacia), heated at 38°C, and one rabbit was
infused with whole blood from a heparinized donor. The
rate of infusion through the femoral vein was adjusted to
ensure a steady rise in right atrial pressure. Infusions were
given over a period of 6-14 minutes. Once the MRAP had
reached a predetermined level (1, 2.5, 5, or 10 mm Hg)

infusion was continued at a rate necessary to maintain
MRAP at that level. Trial stimulations of the LAN were
initiated after heart rate and MAP reached stabilized
steady state values.

Reflex responses to LAN stimulation were also studied
in four rabbits which were bled after prior infusion of
dextran solution. Each rabbit was bled until the volume of
blood removed equaled the volume of dextran solution
previously infused. In some instances, slightly more blood
was withdrawn to reducc MRAP to control level (range.
0-1.5 mm Hg). In no case did the volume withdrawn plus
urine volume collected during this period exceed the pre-
viously infused volume by more than 10 ml. Following
each bleeding, a period of 1-2 minutes was allowed for
stabilization of the rabbit’s heart rate and blood pressure
before further experimental trials were undertaken.

To monitor the red blood cell concentration, hemato-
crits were measured before and after each infusion or
bleeding. In addition, urine flow and volume also were
routinely monitored throughout each experiment.

Values are reported as the mean or mean difference =
the standard error of the mean (SEM). Statistical evalua-
tion was made by use of the appropriate Student’s t-test for
paired or unpaired comparisons. P values (<0.05) were
considered significant.

Results

In 14 rabbits MRAP was elevated to 5 mm Hg and in
seven of these. to 10 mm Hg, using an average of 41 and
71 mi of dextran solution. This acute volume expansion
did not significantly affect either heart rate or blood pres-
sure (Table 1). Representative changes in response to
LAN stimulation are shown in Figure 1 before and after
step increases in right atrial pressure. The duration of
stimulation used (120 cardiac cycles) previously has been
shown to produce maximum heart rate and blood pressure
responses.®™ Note that following the increases in MRAP,
the amplitude of each response was further decreased
(Fig. 1). The average maximum increase in R-R interval of
45.4 + 3.0 msec (n = 14) induced by aortic nerve stimula-
tion was significantlv reduced (P < 0.01)t0 31.6 4.2 (n
= 14) and 254 = 3.2 (n = 7) following increases in
MRAP of 5 and 10 mm Hg, respectively (Fig. 2A). Simi-
larly, for the same rabbits, the average preinfusion MAP
response of —30.0 £ 2.3 mm Hg was reduced to —17.6 =
2.4 (P <0.005)and —14.3 + 1.0 (P < 0.005), respec-
tively (Fig. 2B). Neither the latency to onset (LTO) nor
the latency to peak (LTP) was significantly altered for
either reflex response and both were similar to those
previously described.?® However, the initial slopes for
both responses (Fig. 2C and D) were diminished with each
increase in atrial pressure and this change, in conjunction
with the lower maximum responses, would account for the
essentially unchanged LTP's. The initial slope of the heart
rate response decreased from 9.29 x 0.88 msec/sec to
5.66 = 0.84 (P < 0.01) and 5.03 = 0.85 (P < 0.05).
Similarly, the initial slope of the control MAP response,
3.68 + 0.34 mm Hg/sec, was decreased to 2.14 = 0.41 (P
< 0.005) and 1.25 + 0.13 (P < 0.005) by increases in
MRAP of § and 10 mm Hg, respectively.
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TaBLE | Responses to Volume Infusion in Rabbits with and without Vagi Intact

R-R MAP Het Dextran volume
Group condition n (msec) (mm Hg) (% RBC) (ml)
Vagi intact
Control 14 233 £ 10 84564 349 =08
AMRAP
+5 mm Hg 14 236 + 8 90.0 = 5.7 22309 410 £ 2.7
+10 mm Hg 7 233+ 6 84552 16.1 = ;.2 71.0 = 8.0
Vagotomized
Control 4 234 £ 10 839 =63 335 =04
Vagotomized 4 228 = 11 86.8 = 8.6 334 £03
AMRAP
+5 mm Hg 4 243 + 14 92.0+£7.1 239 = 420=29
+10 mm Hg 4 234 £ 11 91.6 £ 6.6 195: 638 247

Valucs for mean arterial pressurc (MAP), R-R interval length, and change in mean right atrial pressure (AMRAP)

were obtained prior to sti
mean = SEM; n = number of rabb“s

Reflex responses also were quantitated in seven rabbits
prior to and after MRAP increases of 1.0, 2.5, and 5.0
mm Hg. to estimate the threshold of the volume-loading
influence. Average control heart rate and MAP, as well as
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LTO and LTP responses, were not found to be signifi-
cantly different in these rabbits when compared to those
previously studied. Progressive decreases in both average
initial slope and peak change were observed for both
reflex responses as MRAP was increased (Fig. 2). When
MRAP was increased by 1 mm Hg there were significant
changes (P < 0.05) from control averages in the maxi-
mum MAP response (—21.9 + 2.9 mm Hg) and initial
slope (2.82 = 0.37 mm Hg/sec). The mean heart rate
responses also were reduced (peak. 40.5 = 5.0 msec;
initial slope, 8.16 = 0.94 msec/sec), but these changes
were not found to be significant. However, with subse-
quent increases in MRAP of 2.5 and 5.0 mm Hg, the peak
and initial slope for both reflex responses were signifi-
cantly (P < 0.05) reduced. For an increase in MRAP of
2.5 mm Hg the maximum heart rate change was 34.0 +
3.6 msec and the initial slope was 6.63 + 0.99 msec/sec;
comparable values for the MAP reflex change were: maxi-
mum, —-18.9 + 3.3 mm Hg, and initial slope, 2.59 = 0.36
mm Hg/sec.

Acute volume loading alone resulted in significant he-
modilution that was estimated to average a 26% and a
43 % increase in vascular fluid volume when MRAP was
elevated to 5 and 10 mm Hg, respectively (Table 1). To
determine whether hemodilution was responsible for the
attenuated responses, bleeding was performed in four rab-
bits in which the MRAP had first been increased to 10 mm
Hg. As shown in Table 2, although after bleeding the
hematocrit still was subnormal (20 %) the reflex heart rate
and MAP responses returned to near control values. To
eliminate the dilution factor, whole blood from a donor
rabbit was infused into one rabbit. The infusion alone did
not alter resting heart rate or MAP. Attenuation of the
peak and initial slope of the reflex responses to LAN
stimulation (Fig. 3) was similar to that observed with
comparable increases in MRAP during dextran infusion
(Fig. 2). The similarity in LAN-induced changes in heart
rate and MAP during increased MRAP with dextran or
blood infusion suggests that these responses are influenced
by the degree of volume loadmg and not the associated
hemodilution.

In the dog, acute volume loading with subsequent in-
creases in atrial pressure stimulates receptors with affer-
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FIGURE 2 Peak change (A} and initial slope (A/At) of heart rate (R-R interval increase) and mean arterial pressure (MAP) decrease in
response to left aortic nerve (LAN) stimulation in the rabbit, prior to and during dextran infusion-induced increases in mean right atrial
pressure (MRAP). Solid circles indicate the mean response values for controls; triangles indicate the mean response values pre- (solid) and
post- (open) vagotomy. Brackets indicate 1 SeM: figures in parentheses are the number of rabbits tested at the respective level of increased

MRAP. R-R intervals are measured in milliseconds (ms).

ents in the vagus nerves.? Accordingly, the reflex changes
in heart rate and MAP were examined after vagotomy in
four additional rabbits before and during increases in
MRAP. As shown in Table 1, vagotomy alone had little

TABLE 2 Assessment of Hemodilution on the
Cardiovascular Reflex Responses to Aortic Nerve
Stimulation: Volume Infusion followed by Bleeding
in Four Rabbits

Control Infusion Bleeding
(MRAP = (MRAP = (MRAP =

Property 0-1 mm Hg) +10 mm Hg) 0.0 mm Hg)

Hct (%) 348x10 139+1.1* 200=x1.3"
Initial R-R (msec) 239+18 234=x14 22610

Initial MAP (mm Hg) 84.1x54 868x33 788=x32%

LAN stimulation
Peak AR-R (msec) 407 335 39+5
Peak AMAP (mm Hg) 2824 13£2° 28=+5

MRAP = mean right atrial pressure; LAN = left aortic nerve; MAP =
mean arteria) pressure; values are mean t 1 SEm.

* P < 0.05 (paired analysis) for values significantly different from
control.

effect on resting heart rate or MAP. In corroboration of
previous results,?” vagotomy significantly (P < 0.01) in-
creased the LTO for the reflex bradycardia from an aver-
age of 3.3 + 0.6 (0.75 = 0.12 sec) beats to 6.3 = 0.3
(1.44 = 0.20 sec), but had little effect on the LTO or
reflex changes in MAP with LAN stimulation. Vagotomy
also reduced the magnitude and slope of the reflex heart
rate response (Fig. 2A and C). After vagotomy, increases
in MRAP of 5 and 10 mm Hg attenuated the peak reflex
increase in R-R interval from 33.5 = 4.6 msec to 20.4 *
3.5(P<0.05)and 10.9 = 2.6 (P < 0.025), respectively.
The reflex fall in MAP also was attenuated in the vagoto-
mized rabbits at each level of increased MRAP (Fig. 2B)
from a preinfusion average of —32.6 =+ 0.9 mm Hg to
-21.2£1.7(P <0.025)and —12.9 = 1.5 (P < 0.005),
respectively. The LTO, LTP, and initial slope of the reflex
changes in MAP were not significantly different when
compared to the respective values from trials with the vagi
intact. Thus, while the vagal efferent component of the
reflex bradycardia was abolished by vagotomy, the sym-
pathetic component remained intact. After vagotomy the
reflex bradycardia mediated by the intact sympathetics, as
well as the reflex fall in MAP, were attenuated in a
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manner similar to that seen prior to vagotomy. Therefore,
since the magnitudes and initial slopes of the reflex re-
sponses were affected similarly by volume loading in both
the intact and vagotomized rabbits, cardiopulmonary re-
ceptors subserved by vagal afferents do not seem to be
involved in the observed alterations of LAN-invoked re-
flex changes during intravenous infusion.

To determine the possible contribution of intact arteriai
baroreceptors to the volume-induced attenuation of the
reflex responses, bilateral aortic arch and carotid sinus
denervations were performed in rabbits with intact vagi.
Prior to total denervation, both aortic nerves were sec-
tioned in two rabbits. Reflex responses to LAN stimula-
tion were found not to be altered either before or after
volume loading (MRAP = 5.0 mm Hg) when compared to
control respounses. In five rabbits, responses to LAN stim-
ulation were quantitated prior to and after total arteriai
baroreceptor denervation (ABD) and subsequently after
volume loading (MRAP = 5.0 mm Hg) of the denervated
rabbits. Average control heart rate was not significartly
altered by ABD, even though average resting MAP values
were increased by 30 mm Hg following ABD (Table 3).
The LTO’s and initial slopes were not significantly
changed following ABD, but the magnitude of the peak
and the LTP for the MAP response were both increased
significantly (Table 3). After ABD, aticnuation of the
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FiGURE 3 Peak change (A) and initial slope (A/At) of heart rate
(R-R interval increase) and mean arterial pressure (MAP) decrease
in response to left aortic nerve (LAN) stimulation in one rabbit,
prior to and with increases in mean right atrial pressure (MRAP)
caused by infusion of whole blood. R-R intervals are measured in
milliseconds (ms).
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TasLe 3 Heart Rate and Mean Arterial Blood Pressure
(MAP) Changes Due to Left Aortic Nerve (LAN)
Stimulation before and after Arterial Baroreceptor
Denervation and following Venous Infusion in Five Rabbits

Arterial baroreceptor

denervated
Control MRAP MRAP
(MRAP 0.5 mm 5.0 mm
Condition 0.5 mm Hg) Hg Hg
Prestimulation
R-R interval (msec) 221 =11 221+6 2183
MAP (mm Hg) 943 124 x10* 123=x7*
Stimulation-reflex changes
Heart
Peak interval A (msec) 59+13 71=19 79+15

AR-R/At (msec/sec) 138+34 13.0x46 12.7x44

LTP (interval no.) 43+8 71+23 6621
MAP
Peak A (mm Hg) 37+4 57+6* 596"
AMAP/At (mm 5405 6.7+08 7.1x0.6
Hg/sec)
ALTP (interval no.) 45+4 73=i3*  T1=x5*

MRAP = mean right atrial pressure; LTP = latency to peak; values are
mean or mean difference = 1 SEM.
* Significant (P < 0.05) change from control (paired analysis).

reflex responses to LAN stimulation by volume loading
was not observed. Three rabbits were bled after ABD and
volume loading in order to return MRAP and MAP to
preinfusion levels. Subsequently, the vagi were sectioned
in these rabbits. Although MAP increased on the average
by 14 mm Hg following vagotomy and by an additional 19
mm Hg following infusion (MRAP = 5.0 mm Hg). no
significant change in heart rate or MAP responses to LAN
stimulation were observed when these responses were
compared to those obtained prior to vagotomy.

Discussion

This study has demonstrated that acute volume loading
depresses the refiex cardiovascular responses to electrical
activation of the rabbit aortic nerve. The mechanism re-
sponsible for this attenuation was highly sensitive, since
identifiable influences occurred after an elevation in
MRAP of only 1.0 mm Hg, or a vascular volume expan-
sion of less than 10%. Although there was significant
hemodilution whes MRAP was elevated by acute volume
loading (Table 1), hemodilution could not explain the
attenuated cardiovascular responses to LAN stimulation.
Hemorrhage after volume loading caused total fluid vol-
ume, as well as the responses to nerve stimulation, to
equal preinfusion values even though significant hemodi-
lution remained (Table 2). Furthermore, an attenuation of
the reflex changes during LAN stimulation was observed
during infusion of blood which did not change the hemato-
crit (Fig. 3).

Infusion alone did not elicit any significant change in
heart rate or MAP even when MRAP was increased by 10
mm Hg. This finding is contrary to results obtained for the
conscious dog which indicated that volume loading, suffi-
cient to raise mean atrial pressure to 10 mm Hg or more,
produced an increase in both heart rate and MAP.""*
Horwitz and Bishop' concluded that in the conscious dog
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tachycardia during volume loading was due primarily to
reflex inhibition of vagal efferent activity. The control
heart rates for rabbits in our present study ranged from
223 to 300 beats/min; these values are similar to those
found for the conscious rabbit'® but considerably higher
than the resting heart rate of the conscious dog." ? Since
vagotomy did not (Table 1) result in a sustained change in
heart rate above control levels it is likely that the tonic
cardiac vagal restraint is slight in the rabbit. Consequently.
changes in heart rate during volume loading would be
minimal.

There is good evidence for receptors subserved by vagal
afferents that are responsive to volume or tension changes
in the cardiopulmonary region and that reflexly alter car-
diac sympathetic activity.™ > '* Additionally. in the dog'®
and in the rabbit'’ after sinoaortic denervation. vagal
block or section results in a rise in arterial pressure. Clem-
ent et al.* found in the anesthetized denervated rabbit a
41 % decrease in renal sympathetic activity associated with
a 10% increase in blood volume. In the dog. vagally
mediated cardiopulmonary receptors have been shown to
oppose the vasoconstriction due to carotid sinus hypoten-
sion more effectively in the kidney than in the hindlimb.*®
Some interaction apparently occurs in the central nervous
system between the arterial baroreceptors and the cardio-
pulmonary receptors. since the magnitude of the canine
pressor response to vagal cold block is altered by input
from the carotid sinus.'® A recent study? using conscious
dogs has suggested that the normal arterial baroreceptor
restraint on heart rate is diminished during volume load-
ing. since in spite of a substantial increase in arterial
pressure a significant tachycardia occurred and the heart
rate responses were unaltered by ABD. Although this
study also found the reflex baroreceptor-heart rate re-
sponse to a pressor agent to be diminished. it did not
evaluate the sensitivity of these receptors in control of
systemic pressure. These investigators® postulated that in-
puts from the low pressure cardiopulmonary receptors
may modify the arterial baroreceptor control of the car-
diovascular system. Our results for the anesthetized rabbit
do not support this postulate. The inhibitory influence of
volume loading on both reflex MAP and heart rate re-
sponses to LAN stimulation were unaltered by vagotomy
(Fig. 2). Thus, during volume loading, cardiopulmonary
receptors subserved by vagal afferents did not play a role
in modifying the reflex responses to LAN stimulation. In
addition. although volume loading reduced the efferent
sympathetic inhibition due to LAN stimulation, the para-
sympathetic component of the reflex heart rate response
was apparently unaltered. This last conclusion is based on
the observation that the peak change in the initial slope of
the heart rate responses were uniformly reduced after
vagotomy when comparisons were made at each level of
MRAP tested (Fig. 2A and C).

Following total ABD or ABD plus vagotomy, the reflex
cardiovascular responses to LAN stimulation were no
longer attenuated by volume expansion (Table 3). Earlier,
Kumada and Sagawa? suggested that variations in blood
volume in the rabbit can be detected by aortic barorecep-
tors via the small associated changes in arterial pressure.
Since the vagally mediated cardiopulmonary receptors

were not found to play an important role in the attenua-
tion of the reflex responses caused by infusion, two possi-
ble mechanisms were considered. The first involved acti-
vation of sympathetic afferents subserving cardiopulmo-
nary receptors® * '* and the second activation of arterial
baroreceptor afferents from carotid sinus and aortic arch
regions responsive to volume loading. By progressive bi-
lateral denervation it was considered that the relative
contribution of each mechanism could be distinguished.
When both aortic nerves were sectioned prior to carotid
sinus baroreceptor denervation, no significant change in
the attenuation of the reflex responses was detected. Sub-
sequent to total ABD or ABD plus vagotomy the attenua-
tion observed after infusion was eliminated. Were sympa-
thetic afferents from cardiopulmonary receptors involved.
some measurable attenuation would have been observed
following ABD. A rise in arterial blood pressure was seen
following vagotomy and volume loading in the rabbits
after ABD: this indicates that vagally mediated receptors
can modify blood pressure in the denervated animal, as
reported by others,'>'7. 2%

These results suggest that the carotid sinus barorecep-
tors detect subtle changes in arterial pressure or volume
during infusion and this results in a diminished sympa-
thetic efferent activity to the effector organ. Thus. as
previously demonstrated.* use of the absence of a change
in heart rate or arterial blood pressure as a criterion for the
absence of a change in carotid baroreceptor activity during
an experimental intervention may lead to inaccurate con-
clusions.
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Effect of regional myocardial ischemia on
cardiac pump performance during exercise
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Departments of Medicine and Pharmacology, University of Texas Health Science Center,
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Horwitz, LAwRENCE D., D. FRED PETERSON, AND VERNON
8. Bisuor. Effect of regional myocardial ischemia on cardiac
pump performance during exercise. Am. J. Physiol. 234(2):
H157-H162, 1978 or Am. J. Physiol.: Heart Circ. Physiol.
3(2): H157-H162, 1978. — The effect of brief periods of regional
ischemia upon left ventricular pump performance was studied
in nine dogs standing quietly at rest and during running
exercise on a treadmill. Transient occlusions of the left circum-
flex coronary artery resulted in increase in heart rate at rest
(+30 beats/min) but not during exercise. Other changes due
to occlusion were similar at rest and during exercise and
included decreases in stroke volume (-25% standing, —23%
running); in dP/d max, the maximum first derivative of the
left ventricular pressure (-20% standing or running); and in
left ventricular peak systolic pressure (—13% standing, —21%
running); and rises in left ventricular end-diastolic pressure
(+4.5 mmHg standing, +6.3 mmHg running). Cardiac output
was unchanged by occlusions at rest but fell (—18%) during
occlusions while the dogs were running. Propranolol reduced
absolute levels of cardiac performance during exercise occlu-
sions but had no effect at rest. Inotropic agents with ischemia
had some effects at rest but did not alter exercise hemodynam-
ics. It is concluded that integrated left ventricular function
during ischemia is not impaired by exercise, probably because
of beta-adrenergic stimulation of nonischemic myocardium.

coronary occlusion; cardiac output; propranolol; ouabain; man-
nitol

REGIONAL MYOCARDIAL ISCHEMIA reduces the ability of
the left ventricle to pump blood (2, 4, 6). Because
contractile function of the ischemic portion is impaired,
the rate of pressure development and the ejection frac-
tion of the ventricle are reduced (2, 10). Consequently,
stroke volume falls and maintenance of cardiac output
st normal levels is dependent upon an increase in heart
rate (13).

It is a reasonable assumption that local myocardial
oxygen demand is a major factor influencing the extent
to which regional ischemia disturbe cardiac pump per-
formance. Accordingly, the substantial increase in my-
ocardial oxygen consumption with strenuous physical
activity might be expected to exacerbate the deleterious
effects of ischemia. Of interest in this regard is a report
that in global ischemia of the entire left ventricle due
to stenosis of the left main coronary artery, exercise
caused severe deterioration in the rate of left ventricu-
lar pressure development and the rate and extent of

shortening of left ventricular diameter (14). However,
when only a portion of the ventricle is ischemic, the
responses could differ both qualitatively and quantita-
tively because of the presence of some normally perfused
left ventricular myocardium and, possibly, because of
more effective collateral flow channels to the region in
which the normal vascular supply is damaged (11). A
related question is whether a drug that reduces myocar-
dial oxygen consumption, such as a beta-adrenergic
blocking agent, might be expected to exert a salutary
effect upon cardiac pump function during regional is-
chemia either with rest or exercise.

However, in the face of myocardial regional perfusion
abnormalities, beta-adrenergic blocking agents could
be harmful since the normal sympathetic-mediated aug-
mentation in contractile force generation and pump
performance which accompanies exercise (7, 8) would
be blocked. On the other hand, it is not known whether
an independent increase in contractile function due to
pharmacological agents would be beneficial in counter-
acting ischemic impairment of stroke volume either at
rest or during exercise.

The purpose of this study was to evaluate the disturb-
ance in integrated pump performance of the left ventri-
cle due to transient occlusion of the left circumflex
coronary artery in conscious dogs at rest and while
running on a treadmill. In addition, the extent to which
responses to ischemia were modified by beta-adrenergic
blockade with propranolol and two agents that augment
myocardial contractile force —-ouabain and hypertonic
mannitol (1)—was assessed under both resting and
exercise conditions.

METHODS

Nine mongrel dogs, weighing 14.5-27.3 kg, were
trained to run on a level treadmill. After the training
period, each dog underwent a sterile thoracotomy under
sodium pentobarbital anesthesia. A solid-state pressure
transducer (Konigsberg P18) was implanted within the
left ventricle, an electromagnetic flow probe was placed
around the proximal portion of the ascending aorta,
and 18-gauge polyvinyl catheters were inserted into the
left atrial appendage, the left jugular vein, and via the
left internal mammary artery, into the aorta (7). The
left circumflex coronary artery was isolated near its
origin, and a polyvinyl occlusive device (2) was placed
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around the vessel. Care was taken to avoid damage to
the nerve supply of the artery. The electrical leads,
catheters, and distal end of the occlusive device were
exteriorized at the back of the neck. Three weeks were
allowed for recovery from surgery and retrammg At
the time of study, each dog could exercise at levels
attained prior to surgery

Aortic flow was measured with a Zepeda square-wave
electromagnetic flowmeter. The flow probes were cali-
brated in vitro before implantation and rechecked after
the animals were sacrificed; the two calibrations always
agreed within 5%. Flow in late diastole was assumed to
be zero. Stroke volume was obtained by integration of
the flow signal, with an active circuit, during each
ejection period. The frequency response of the flowmeter
was limited only by the response of the recorder which
was flat to 80 Hz.

The solid-state pressure transducers were precali-
brated. Sensitivity was stable during the period of
implantation. Small amounts of day-to-day zero drift
were corrected by setting the left ventricular end-dia-
stolic pressure equal to the mean left atrial pressure at
the beginning of each study while the dogs were at rest
(9). The natural frequency of the solid-state transducers
has been reported to be in excess of 3,000 Hz (9). The
first differential of the left ventricular pressure (dP/dt)
was obtained with an active circuit which was linear to
70 Hz. Mean aortic pressure was measured via the
implanted catheter with a Statham P23 Db manometer.
All signals were inscribed on a Beckman RM oscillo-
graph and an Ampex FR 1300 magnetic tape recorder.

The occlusive device on the left circumflex coronary
artery was inflated by injection of saline. Collapse of
the vessel and discoloration of tissue distal to the
occlusion were obeerved when the device was tested at
surgery. After experiments were completed, all hearts
were carefully inspected when the animals were sacri-
ficed, and no evidence of tissue damage was noted in
the region distal to the occluder.

Resting measurements were obtained with the dog
standing quietly on the treadmill. After control data
were measured, the left circumflex coronary artery was
occluded for 50 s and then released. Five minutes later,
by which time hemodynamics had returned to the
initial resting levels, the treadmill was started with
the dog running at a speed between 6 and 8 mph. The
speed was preselected as one which the particular dog
could accomplish consistently, yet appeared to require
strenuous effort. Three minutes after running began,
the left circumflex coronary artery was again occluded
for 50 s. In each case the dog continued to run at the
same speed during occlusion. The occluder was then
released, and the treadmill was gradually slowed and
then stopped. After one or two “control” studies had
been obtained without drug intervention in all nine
dogs, on later experimental days seven dogs were stud-
ied 15 min after administration of propranolol (1.0 mg/
kg iv). The exercise level and duration were the same
a8 in the control study. On separate days, five dogs
received ouabain (0.025-0.030 mg/kg iv) and were re-
studied 15 min later. As a third intervention, 34 days
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later, five dogs received mannitol, as a 25% solution, at
a dosage of 1.25 mg/kg iv, administered over approxi-
mately 12 min and were studied immediately thereaf-
ter. Arterial blood samples were drawn for determina-
tion of serum osmolality prior to the rest occlusion.
Osmolalities were measured by freezing-point determi-
nation with an Advanced Instruments osmometer.

Preliminary data established that a steady state was
present between 2 and 4 min of running 6-8 mph
without occlusion and between 40 and 70 s after occlu-
sion at rest or during exercise; during these periods,
heart rate, stroke volume, peak systolic pressure, and
dP/df max varied by less than §% at end-expiration
and showed no discernible trend toward change. The
dosage of propranolol used abolished the hemodynamic
effects of isoproterenol, § ug/min iv, between 15 and 45
min after the propranolol was given. Data were ob-
tained for analysis immediately prior to the onset of
occlusions and during the last few seconds of each
occlusion. The results of eight consecutive beats were
averaged to reduce the effects of respiratory variation
or atypical beats (7, 8). Statistical analyses were per-
formed by the paired t-test, using each animal as its
own control, and by an analysis of variance for compar-
ison of results with drugs versus control studies.

RESULTS
Effect of Occlusion at Rest and During Exercise

The results of acute occlusion of the left circumflex
coronary artery in nine dogs are shown in Table 1. A
typical record is shown in Fig. 1. At rest, occlusion
resulted in statistically significant increases in heart
rate (+30 beats/min) and left ventricular end-diastolic
pressure (+4.5 mmHg). Decreases occurred in stroke
volume (-8.2 ml), peak systolic left ventricular pres-
sure (—18 mmHg), and the maximum first derivative
of the left ventricular pressure, dP/df max, (—664
mmHg/s). Mean aortic pressure fell in four of the six
dogs in which it was measured (—11 mmHg), but this
change was not statistically significant. Cardiac output
and systemic vascular resistance did not change signif-
icantly, nor were there any consistent trends in these
parameters.

Without occlusion, as described previously (7), exer-
cise was associated with substantial increases in heart
rate, left ventricular systolic pressure, dP/d! max, and
left ventricular end-diastolic pressure (Table 1 and Fig.
1). Coronary occlusion during exercise caused a signifi-
cant rise in left ventricular end-diastolic pressure (+6.3
mmHg) and decreases in stroke volume (—7.7 ml), peak
systolic left ventricular pressure (—29 mmHg), and dP/
& max (-920 mmHg/s). In contrast with resting occlu-
mion results, there was no significant in heart
rate but a significant fall in cardiac output (-1,220 ml/
min). Mean aortic pressure fell (~18 mmHg), but sys-
temic vascular resistance was not altered. Thus, the
major difference between the effects of occlusion at rest
and during exercise was that in the presence of similar
falls in stroke volume, cardiac output was maintained
at rest through an increase in heart rate; but during
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rasLx 1. Effect of coronary occlusion at rest and during exercise in nine dogs
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RUNNING OCCLUSION

STANDING OCCLUSION

nc. 1. Portions of a slow-speed recording in an experiment
without sdministration of drugs. High-speed records were used to
read left ventricular end-diastolic preesure from magnified left
wentricular pressure (LVEDP) and to check other parameters. SV,
stroke volume or integral of phasic aortic flow curve, which is
shown without units; HR, heart rate; LVP, unmagnified left ventric-
ular pressure; dP/d¢, first derivative of left ventricular pressure.

, cardiac output fell becaur: heart rate was
nndmnged in most animals.
Effect of Drugs

Beta-adrenergic blockade. Propranolol, given to
seven dogs, decreased dP/df max by 594 mmHg and

dP/dt max, i firm deri
2, maan :8K for each group. d. mean difference :SE occlusion ve. preccciusion. N&onoﬁ mm-m;mmoupww

- increased left ventricular end-diastolic pressure by 3.6

mmHg at rest. During occlusions at rest, there were no
significant differences from results without drugs in
the same dogs (Table 2).

Propranolol altered the responses to exercise. The
average increment in heart rate was reduced by 33
beats/min. Likewise, the increase in cardiac output
was 1.68 liters/min less and in dP/df max was 772
mmHg/s less than control. Left ventricular end-diastolic
pressure rose +3.2 mmHg more with propranolol (Table
2).

The magnitude of the changes due to occlusion during
exercise after propranolol were similar to those that
occurred at rest after propranolol. However, the abso-
lute levels of heart rate, cardiac output, dP/df max,
and systolic pressure were significantly reduced during
exercise with propranolol, whereas end-diastolic pres-
sure was elevated (Table 2).

QOuabain. Results with ouabain in five dogs are shown
in Table 3. At rest prior to occlusion, ouabain increased
dP/dt max by 5§11 mmHg/s and left ventricular systolic
pressure by 10.8 mmHg. During occlusions at rest, the
fall in dP/df max was leas by 451 mmHg/s and systolic
pressure was less by 9.4 mmHg, when compared to
results without drugs in the same dogs. During exer-
cise, ouabain slowed heart rate by 32 beats/min prior to
occlusion but had no other effects either before or
during ischemia. On analysis of the magnitudes of the
changes due to occlusion, no significant differences
were noted between results with ouabain pretreatment
and results without drugs.

Mannitol. Osmolality rose by 17 + 6 (SE) mosmol in
response to the infusions of mannitol. At rest, prior to
occlusions, elavations in stroke volume (+6.2 ml), car-
diac output (+0.73 liter/min), left ventricular end-dia-
stolic pressure (+4.8 mmHg), and left ventricular sys-
tolic pressure (+11.8 mmHg) occurred (Table 4). Maxi-
mum dP/dz rose in four of six dogs, but this change was
not statistically significant. During occlusions at rest,
the only significant change was a higher left ventricular
end-diastolic pressure (+10.4 mmHg) than that which
occurred during occlusions without drugs in the same
five dogs (Table 4). During exercise, there were no
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TanLE 2. Effect of propranolol on response to coronary occlusions
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TaBLE 3. Effect of ouabain on response to coronary occlusions
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TABLE 4. Effect of mannitol on response to coronary occlusion
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statistically significant changes due to mannitol either
prior to or during occlusions (Table 4).

DISCUBSSION

Our results demonstrated that brief ceclusion of the
left circumflex coronary artery resulted in changes that
were remarkably similar, whether a dog was standing
quietly or running on a treadmill. These included
decreases in dP/df max (-20% standing or running),
stroke volume (-25% standing, -23% running), and
left ventricular systolic pressure (-13% standing, —21%

running), and a rise in left ventricular end-diastolic
pressure (+4.4 mmHg standing, +6.3 mmHg running).
The exception was a greater degree of tachycardia
when animals were at rest. These results were some-
what unexpected in view of the considerably higher
myocardial oxyger. consumption known to occur during
exercise. There are at least two poesible explanations
for such surprisingly good ventricular function in the
face of ischemia during exercise. Increased flow due to
vasodilation in collateral vascular pathways during
exercise may prevent impairment of the ratio of myocar-
dial oxygen supply to demand in the region normally
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served by the occluded artery (11). Another poesibility
is that the higher levels of generalized sympathetic
activity associated with exercise sufficiently enhance
function in normally perfused regions to offset impaired
function in the ischemic region.

There is some disparity between our results in the
studies with occlusion of the left circumflex coronary
artery and the results of Vatner et al. (14), in which
stenosis without occlusion of the main left coronary
produced only slight decrements in left ventricular
performance at rest but profound deterioration during
exercise. Distal vasodilation can often maintain flow
through a stenotic coronary artery at nearly normal
levels under resting conditions (5), but when myocardial
oxygen demands increase with exercise, flow through
the stenosis may not increase further. In contrast, total
occlusion of any coronary artery is likely to result in a
region of distal ischemia at rest (2-4, 6, 10), as well as
during exercise. Since obstruction of the main left
coronary may cause global ischemia of the left ventricle,
whereas distal occlusions permit normal perfusion in
some portions of the ventricle, the extent to which
ischemia-induced decrements in integrated left ventric-
ular performance can be exacerbated by exercise stress
may depend upon the percentage of the left ventricle
that is not ischemic. In addition, the possibility that
collateral flow can increase during exercise in regional
ischemia cannot be excluded.

The major difference in hemodynamics between the
effects of regional myocardial ischemia at rest and
during running was in heart rate. Although stroke
volume fell in both settings, cardiac output was main-
tained at preocclusion levels at rest as a result of the
heart rate increase. During exercise occlusions, cardiac
output fell because heart rate did not increase signifi-
cantly. A previous study has concluded that tachycardia
due to temporary left circumflex coronary artery occlu-
sion in the resting, conscious dog is reflex in origin
(13). This reflex is initiated by receptors near the heart,
involves both vagal and sympathetic efferent pathways,
and is modulated by arterial baroreceptor activity (13).
During exercise, sympathetic tone is high and vagal
tone is substantially reduced (7, 8). These changes may
be s0 marked that the capability of the reflex mecha-
nism to induce further sympathetic stimulation or vagal
withdrawal via the efferent pathways is limited. Alter-
natively, as appears to be the case with baroreceptor
reflex control of heart rate (12), the sensitivity of the
reflex decreases, either through diminished receptor
sensitivity or central nervous system changes.

In the dosage used in this study, propranolol effec-
tively competes with endogenous catecholamines for
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beta-adrenergic receptor sites (8). As has been reported
previously (10), propranolol had little effect on the
inotropic state during resting conditions either before
or during occlusions. On the basis of this finding, it
would appear that increases in sympathetic tone may
be small during occlusions at rest. During exercise,
when sympathetic tone is markedly augmented, pre-
treatment with propranolol significantly limited in-
creases in heart rate, cardiac output, and rate of force
development (dP/d¢ max). However, exercise occiusions

‘resulted in changes similar in magnitude to those that

occurred without propranolol. Thus, since beta-adrener-
gic blockade depressed cardiac performance during ex-
ercise, and changes due to ischemia were the same as
those seen without propranolol, it is likely that propran-
olol primarily influenced function in normal rather
than ischemic regions. This is compatible with the
concept that, when autonomic control is intact, the
ameliorative effect of catecholamines on the nonis-
chemic myocardium overcomes the deleterious effects
of increased myocardial oxygen demand in the ischemic
region.

Quabain increased the rate of force development at
rest prior to occlusion. The rate of force development
and peak systolic pressure were higher during resting
‘occlusion than those that occurred without drugs, al-
though the changes due to occlusion did not differ.
Ouabain did not alter dP/df max during exercise either
before or during ischemia. The lack of effect of ouabain
during exercise may mean that stimulation by catechol-
amines increased myocardial contractile force in nor-
mally perfused regions to such high levels that inotropic
agents can add little additional benefit.

Mannitol also increased dP/df max prior to occlusion
as has been reported previously (1). However, mannitol
has no effect on dP/df max during rest occlusions or
during exercise states. Mannitol increased left ventric-
ular end-diastolic pressure during ischemia at rest.
Whether this reflects increased stiffness of the left
ventricle or enhanced venous return due to expansion
of blood volume or other factors cannot be determined
from our data.
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Anti-G suit effect on cardiovascular dynamic

changes due to + G, stress
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PetErsoN, D. Frep, VERNON S. Bisnor, AND Howarp H.
ERrickson. Anti-G suit effect on cardiovascular dynamic
changes due to +G. stress. J. Appl. Physiol.: Respirat. Envi-
ron. Exercise Physiol. 43(5): 765-769, 1977. —Lightly anesthe-
tized dogs underwent 1-min exposure to +G, acceleration
without and with a bladder-type anti-G suit. Prior chronic
instrumentation permitted thorough evaluation of cardiac
dynamics. During +3 G, acceleration all recorded dynamic
variables were lowered and transient tachycardia occurred.
After acceleration ceased, all pressures and dP/d: exceeded
control levels. Inflation of the anti-G suit during +3 G,
eliminated the dramatic effects observed during and after
acceleration stress. During +6 G, with the anti-G suit in-
flated, arterial pressure and dP/d? were maintained whereas
left ventricular end-diastolic pressure and total peripheral
resistance were much elevated and heart rate was lower. At
the onset of G stress, internal diameter of the heart always
fell transiently. Otherwise, diameter was not significantly
affected by any of the experimental conditions. The results
suggest that the anti-G suit maintains perfusion pressure at
high sustained G; however, with the anti-G suit inflated at
+6 G,, central venous pressure is dramatically elevated and
heart rate depressed. Thus, beneficial effects which provide
tolerance to high G are accompanied by potentially detrimen-
tal effects.

centrifugation; acceleration stress; dogs

LAMBERT AND wooD (10) confirmed that the limiting
factor in +G, stress tolerance in humans was blackout
and unconsciousness due to compromised perfusion
pressure to the central nervous system. Tolerance can
be extended by performance of an M-1 (straining) ma-
neuver (16) and even further extended by wearing an
anti-G suit (5, 7).

Since the primary concern during +G, acceleration
has been that pilots could adequately operate an air-
craft, little in-depth evaluation of cardiovascular effects
have been investigated until very recently. In conscious
man, studies had determined that heart rate usually
rose and blood pressure fell (12). Lightly anesthetized
dogs exhibit the same responses (3, 8, 13). ECG abnor-
malities occurred but did not persist long after cessation
of acceleration (12, 14, 15). Similar findings have been
observed in experimental animals (3, 4), but in addition,
pathological changes have been observed to occur in
the myocardium of miniature swine (6).

Chronic instrumentation has made possible much
more sophisticated evaluation of cardiovascular re-
sponses in experimental animals (3, 8, 13). During +G,
acceleration of 2 G or greater, cardiovascular function
is depressed, and the severity of depression is directly
related to the magnitude of acceleration (13). Addition-
ally, the immediate postacceleration period is charac-
terized by elevated arterial pressure, left ventricular
end-diastolic pressure, and peripheral resistance; and
these changes persist for several minutes.

Although subjective tolerance to acceleration stress
is improved by wearing an anti-G suii, the nature and
magnitude of changes in many cardiovascular variables
is not known.

The present study was designed to determine the
degree and nature of cardiovascular protection provided
by an abdominal bladder-type anti-G suit during and
after + @, acceleration. Additionally, since recent stud-
ies have demonstrated subendocardial damage associ-
ated with acceleration stress, changes in left ventricular
internal diameter were investigated.

METHODS

Sixteen mongrel dogs (10-20 kg) were anesthetized
with halothane and chronically instrumented under
sterile surgical conditions. A left thoracotomy through
the fifth intercostal space exposed the heart and great
vessels. The pericardium was opened, and through a
stab incision, a solid-state pressure transducer (model
P18, Konigsberg Instruments) was placed on the endo-
cardial surface of the left ventricle in eight dogs to
measure left ventricular pressure. An electromagnetic
flow probe (Zepeda Instruments) was placed around the
ascending aorta to measure cardiac output in six of
these dogs, and an 18-gauge polyvinyl catheter was
placed in the left atrium to measure pressure. In 10
dogs, two sonomicrometer transducers were implanted
across the greatest transverse diameter of the left
ventricular chamber, using techniques previously de-
scribed (1, 2). ECG electrodes were sutured inside the
chest. Lead wires for the implanted instrumentation
were exteriorized at the back of the neck. Two weeks or
longer were allowed for recovery. During this time, the
health of each animal was monitored daily.

Prior to experimentation, animals were anesthetized
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with alpha-chloralose to a light plane of surgical anes-
thesia. A precalibrated, solid-state pressure catheter
(no. 5F, model PC-350, Millar Instruments) was then
passed retrograde via the femoral artery into the left
ventricle to calibrate the left ventricular pressure trans-
ducer already in place. After calibration, the catheter
was withdrawn to lie in the root of the aorta. Each dog
was restrained on its back (+G,) in a fiberglass animal
couch which was bolted to the animal end of the
USAFSAM centrifuge. (The length of the arm for ani-
mal experiments is 4 m.) The dogs were positioned to
receive +G, inertial forces as the centrifuge rotated,
and an abdominal bladder-type anti-G suit was placed
beneath each animal’s back but not attached. Once the
animal was properly positioned, a 15- to 30-min pretest
period was allowed to establish resting levels of re-
corded variables. Experiments were begun about 1 h
after initial administration of anesthesia. At this time,
slight spontaneous body movements were often ob-
served.

Each animal was initially exposed to a gravitoinertial
force of +2 G, for 1 min. After the animal had recovered
from this trial, the anti-G suit was attached around the
abdomen, and the animal was exposed to +2 and +3 G,
acceleration without inflation of the suit. Finally, the
anti-G suit was set to activate automatically at 2.2 G so
that pressure within the suit increased at 1.5 Ib/in.*-G.
Although the surface of the body influenced by the suit
was limited to the abdomen, previous studies in humans
have indicated that 75% of the relaxed increase in G,
tolerance is accomplished with such a suit (5, 17).
Trials of +3 and +6 G, were then carried out. A 5- to
15-min recovery was allowed after each trial before
starting another trial. Onset to peak G was considered
rapid (1.0 G/s), and peak acceleration was always main-
tained for 1 min.

Responses were recorded on a Mark 200 Brush strip-
chart recorder and simultaneously on a model 4742
Sangamo magnetic tape recorder for later analysis on
an Electronics Associates 680 analog computer.

Total peripheral resistance (TPR) was calculated by
the computer as mean aortic root pressure (AP) minus
left ventricular end-diastolic (LVEDP) divided by mean
aortic flow (AF), that is

T
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AP(Torr) - LVEDP(Torr)
AF(ml/min)

In some cases, calibration of mean aortic flow was
not possible for technical reasons; hence, our results
are all expressed in percent changes in total peripheral
resistance. This permitted us to include results in which
mean flow values were not expressed in absolute units.
A paired ¢-test was used to determine whether or not
differences between trials were significant.

TPR =

RESULTS

Responses to +G, acceleration in a single animal are
illustrated in Fig. 1. Without the anti-G suit, changes
were similar to those previously reported (13). Qualita-
tively, responses to +2 and +3 G, were the same al-
though, as previously reported (13), the magnitude of
change was greater due to +3 G,. Inflation of the anti-G
suit during +3 G, eliminated the depressed responses
and, rather, tended to elevate most variables slightly.
During +6 G, acceleration, changes were less consist-
ent. Pressures were usually elevated whereas cardiac
function was depressed, as reflected by dP/dt, heart
rate, and left ventricular diameters. Placement of the
uninflated anti-G suit around the abdomen did not af-
fect the responses to +2 G, acceleration.

Arterial pressure. During +3 G, acceleration, aver-
age mean aortic arch pressure fell rapidly and then
gradually recovered toward control (Fig. 2; Table 1). In
the postacceleration period, a dramatic increase in blood
pressure was observed which did not return to 50% of
control until 3.2 + 0.6 min after acceleration ceased.
During both +3 and +6 G, acceleration, with the anti-G
suit inflated, average mean arterial pressure remained
above control after a small initial fall in mean pressure.
Upon termination of +3 G, with the suit, aortic pressure
fell slightly below control then recovered rapidly. After
+6 G,, an elevation in pressure was observed which
recovered slowly, much as in the unprotected trials
(Table 1; Fig. 2). In every instance, peak left ventricular
systolic pressure underwent the same qualitative
changes as aortic arch pressure (Fig. 1).

Heart rate. Heart rate rose from 99 to 179 beats/min

FiG. 1. Effects of +G, acceleration
with and without an anti-G suit. Re-
sponses to +3 G, without anti-G suit
are illustrated in panel A. Responses
with suit inflating at 2.2 G are illus-
trated in panel B (+3 G,) and panel C
(+6 G,). In each panel, top trace repre-
sents the G profile; LVP = jeft ventric-
ular pressure; LVEDP = left ventricu-
lar end-diastolic pressure; dP/dt = first
derivative of LVP; LVID = left ventric-
ular internal diameter. Bottom trace is
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FIG. 2. Average responses of 8 dogs to acceleration stress. After
onset of acceleration, initial peak response is shown. Thereafter,
average values were determined every 15 s from initial point of peak
acceleration. Duration of maximum acceleration (60 s) is indicated
by horizontal bar at bottom of figure. Control values indicate point of
onset of acceleration and ordinate indicates point at which maximum
acceleration was reached.

(P < 0.001) at 13.4 s after onset of acceleration. The time
to onset and peak responses for mean arterial pressure
were ~ignificantly earlier than for heart rate (P < 0.01),
suggesting that the tachycardia occurred in response to
the fall in blood pressure. Heart rate fell rapidly after
reaching the peak and, in six of eight animals, was
below control during most of the acceleration period,
although heart rate was usually erratic and there were
large differences between animals. Brief periods of asys-
tole were not uncommon, and two dogs experienced
sustained tachycardia. After acceleration ceased, there
was no consistent heart rate pattern. Responses ranged
from —34 to +67 beats/min from control. Activation of
the anti-G suit during +3 G, eliminated the erratic
heart rate pattern observed in most dogs without the
suit. The exception to this observation is seen in Fig. 1,
in which a brief period of asystole occurred toward the
end of acceleration. A transient rise in heart rate was
observed 11.5 s after onset of +6 G, acceleration with the
suit, followed by a progressive fall in heart rate to 54
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TABLE 1. Peak effects and time to effects
during and after +G . acceleration
Duning G Poatgr 0%
Pre G Control : ime to
Peak effect  Time to peak Peak effect recovery
Torr Torr s Torr min
AP
3G wio 128 = 7 67 = 13* 11515 168 = 12t 32+06
3Gw 122 =9 98 = 9 5904 N7 =1 0.6 =02
6Gw 125 =9 100 + 9¢ 61207 183 = 6% 25206
beatsimin beats/min s beatsimin min
HR
3G wio 9 =8 179 = 15* 13.4 £ 1.2 94 =9 1.7+05
3Gw 12 =13 140 = 14 9.0 =08 108 =+ 7 05=01
6Gw 116 = 12 143 = 15 115215 126 = 14 21=08
Torr Torr s Torr min
LVEDP
3G wio 14207 -5.0 = 1.88 69 =038 15.0 = 3.3t 2404
3Gw 1.0 =08 63 =1.1* 6.1 >04 1.3=08 06=01
6Gw 1.9 =08 20.7 = 2.5 76 203 4.9 = 1.0t 14=03
% % s % min
dP/ds
3G wio 100 58 = 7* 8.0=09 216 = 47¢ 1305
3Gw 100 8278 63 +06 112 = 11 05=01
6Gw 100 68 = 9t 62 x07 191 = 24t 09202

Values represent mean + SE for 8 dogs; w/o, without inflation of the anti-G suit: w,
with inflated suit. * P < 0.001. tP <0.0L tP < 0.05.

beats/min at 60 s. All values during G after 15 s were
significantly less than control (P < 0.001), Fig. 2.

Left ventricular end-diastolic pressure (LVEDP).
Without the anti-G suit, LVEDP fell significantly (—5.0
Torr) but recovered before the end of acceleration. A
large increase was observed after G stress (15.0 Torr),
and 50% recovery to control was not reached until 2.4
min after the end of acceleration (Table 1). The anti-G
suit profoundly altered these responses. LVEDP was
elevated throughout acceleration, and the effect due to
+6 G, (20.7 Torr) was much greater than that due to +3
G, (6.3 Torr). After acceleration at +3 G, with the suit,
LVEDP was 50% recovered by 30 s. After +6 G,, LVEDP
fell transiently and then rose significantly above control
(4.9 Torr; P < 0.01) (Fig. 2; Table 1).

Time derivative of left ventricular pressure. Without
the anti-G suit, changes in left ventricular peak dP/d:
were also dramatic. During +3 G,, dP/dz fell and, in one
animal, remained depressed (Fig. 2). Average maxi-
mum fall was —45%. In the postacceleration period, dP/
dt rose immediately to an average maximum increase of
116% above countrol at 15 s and then gradually returned
to control. Fifty percent recovery to control was com-
plete at 1.3 min after the end of acceleration. The anti-
G suit eliminated dramatic changes in dP/dt at +3 G,.
After an initial transient drop, dP/d¢ rose to about 15%
above control; and this proved to be a significant eleva-
tion at 30, 45, and 60 s of +3 G,. After acceleration,
average dP/dt was not significantly elevated.

During +6 G, with the suit, all animals experienced
an initial fall (-32%; P < 0.01), after which no consist-
ent changes could be demonstrated during G. After G,
dP/dt rose to 91% above control (P < 0.01) and recovered
rapidly to 50% of control (0.9 min).

Aortic flow. Both stroke volume and aortic flow were
depressed under all conditions of acceleration stress. In
the cases of +3 G, without (—-66%) and +6 G, with the
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suit (—55%), magnitude of mean flow depression was
greater than during +3 G, with the suit inflated
(—27%). Flow remained depressed throughout accelera-
tion and, immediately upon stopping the centrifuge,
rose back toward control under all three conditions.
After +3 G, without the suit, however, this recovery
was transient. Flow was depressed again by 23% (P <
0.01). On the other hand, after +3 and +6 G, with the
suit, no significant deviation from control was demon-
strated.

Peripheral resistance. Calculation of peripheral re-
sistance at regular intervals was complicated by the
periods of extremely erratic cardiac output at low heart
rates as well as the occasional periods of observed
asystole. For this reason peripheral resistance was
sampled during periods of regular cardiac output. In all
cases, calculated TPR was elevated during acceleration.
During +3 G, with the suit, the elevation was less
than in the other cases. The maximum value was 60%
above control. During +3 G, without the suit, average
maximum TPR was 124% above control. During +6 G,
with the suit inflated, average maximum TPR was
217% above control. After 3 G, without the suit, TPR
fell transiently toward control, then climbed signifi-
cantly above control (58 * 21; P < 0.05) at 1 min after
acceleration ceased. After +3 G, with the suit inflated,
TPR returned rapidly to control. After +6 G, with the
suit inflated, TPR returned gradually to control but did
remain significantly elevated at 1 min post-G (+37 =
15; P < 0.05).

Left ventricular internal diameter. Immediately after
the onset of acceleration, the left ventricular internal
diameter (LVID) began to get smaller. During +3 G,
without the suit, at the time when arterial pressure
was lowest (64 Torr for this group), systolic size of the
heart was significantly reduced by 2.2 mm (P < 0.01)
to 28.3 mm. In no case did the left ventricle approach
collapse. The average diameter in diastole fell 0.8 mm,
but the change was not significant. As arterial pressure
recovered, LVID’s got larger and no other significant
changes in left ventricular size were observed during or
following +G, acceleration. It was suspected that the
magnitude of change in diameter size might be related
to either arterial pressure or heart rate. Analysis of
variance showed no significant relationship in either
case. Even in animals whose arterial pressure fell
dramatical':, diameter size was not significantly al-
tered. In five dogs whose left ventricular systolic pres-
sure fell below 60 Torr (avg, 49 Torr), end-systolic
diameter fell by only 2.4 mm. In three dogs whose
heart rates rose 50 beats/min or more during accelera-
tion (avg, 101 beats/min), end-systolic diameter fell by
4.7 mm to an average of 25.3 mm.

Both increases and decreases in internal diameter
were observed with the suit activated. Responses in
four dogs were similar to those illustrated in Fig. 1. In
these experiments LVID got small during unprotected
acceleration and larger if the anti-G suit was inflated.
In the other six dogs no general pattern could be
identified. Thus, there were no consistent changes in
internal diameter during activation of the anti-G suit
which could be demonstrated statistically.
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DISCUSSION

Results of this study demonstrated that activation of
an abdominal bladder-type anti-G suit reversed the de-
leterious cardiovascular effects due to +3 G, stress.
Elevation of aortic arch pressure above control suggests
an especially beneficial effect in preventing blackout
and unconsciousness which occurs in man at low central
perfusion pressures. Most other untoward effects of ac-
celeration were not observed to occur at +3 G, with the
suit, except at the ouset of acceleration. A transient fall
in arterial pressure, left ventricular pressure, and dP/d¢
were observed. Since the suit was not activated until 2.2
G was reached, these changes were undoubtedly due to
suddenly reduced afterload associated with onset of in-
creased gravitoinertial forces. The slightly delayed
tachycardia indicates a baroreflex response to the pres-
sure fall. After activation of the anti-G suit, both eleva-
tion of arterial pressure and left ventricular end-dia-
stolic pressure might be accounted for by a shift in
circulating body fluids. Reduction of venous pooling in
the abdomen would increase venous return and increase
pulmonary blood volume (9), whereas the anti-G-suit-
induced increase in total peripheral resistance would
tend to impede cardiac output. The likelihood that left
ventricular end-diastolic pressures do mirror the filling
pressure of the left heart is supported by the results in
Fig. 1 indicating that end-diastolic heart size was di-
rectly related to LVEDP in this animal. On the other
hand, as previously reported (9), pressure on the abdo-
men may displace the diaphragm and increase intra-
thoracic pressure, thus directly influencing thoracic
vascular pressures. Near-normal heart rate suggested
that neither direct stress nor indirect reflex influences
were dramatically altering heart function. In the post-G
period all variables approached control rapidly, indicat-
ing lack of sustained adverse cardiovascular effects at
+3 G, with the anti-G suit inflated. Thus, the prolonged
elevation of arterial pressure and LVEDP observed here
and previously (13) in the post-G period were completely
eliminated.

At +6 G,, partial protection from adverse cardiovas-
cular effects was obtained by suit inflation. Most
changes were intermediate between those observed at
+3 G, with and without the suit. Average aortic arch
pressure was maintained above control, and although it
was not a significant elevation, this is in marked con-
trast to trials without the anti-G suit. In a previous
study, due to poor recovery from +3 or +4 G, only 4 of
14 dogs could be tested at +5 G, without the anti-G suit
(13). In a similar study hypotension, bradycardia, and a
profound decrease in coronary blood flow were reported
during exposure to +5 or +6 G, stress (8). Thus, mainte-
nance of perfusion pressure to the coronary and CNS
vasculature was dramatically improved by the suit dur-
ing high acceleration stress.

Although arterial pressure was maintained, signifi-
cant decrements in other cardiovascular indices were
observed. Heart rate was down, and this could not be
attributed to reflex bradycardia. Aortic flow was dra-
matically down, which could perhaps be related to both
depressed he~rt rate and limited circulating blood vol-
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ume. The most consistent observation was the dramatic
elevation in LVEDP. This suggests that during high
sustained + @G, with an anti-G suit, elevated intrathora-
cic pressures are probably a necessary compromise in
order to maintain aortic arch perfusion pressure. On the
other hand, in the post-6-G period, the overshoot
changes in aortic pressure, dP/d¢, and LVEDP were not
as great nor did they persist as long as in the unpro-
tected trials at +3 G,.

QOur results indicated that although lightly anesthe-
tized dogs did not tolerate +3 G, acceleration well with-
out the protection of an anti-G suit, changes in left
ventricular internal diameter were not as dramatic as
were changes in other variables. Numerous studies
have indicated that pathological changes in cardiac
muscle are associated with high sustained acceleration
stress (6, 11). In the present study, we considered the
possibility that the subendocardial hemorrhage re-
ported by MacKenzie et al. (11) might be due to striking
of the internal walls of the left ventricle during acceler-
ation. No evidence for this possibility was obtained.
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Abstract

Mongrel dogs were chronically instrumented to measure left
circumflex coronary flow, arterial pressu}e, left atrial pres- .
sure, ECG, heart rate and in some cases left ventricular pres-
sure or cardiac output. A cuff type occluder was placed distal
to the coronary flow probe. Total occlusion of the left circum-
flex coronary artery for one minute in unsedated, resting dogs
produced reactive hyperemia with an average replacement/deficit
ratio of 2.68/1. In 10 dogs sympathetic influences were investi-
gated by total, chronic cardiac sympathectomy. Surgical section
of all ansae subclavia reduced responses from 2.76/1.to 1.71/1
(P<.001). Left sympathectomy alone nhad no effect on the re-
placement/deficit ratio whereas selective right sympathectomy
reducgd it from 2.61/1 to 1.67/1. Pharmacological blockade was
used to deterrine beta-receptor invo}vement in the responses.

In 9 intact dc s practolol (10 mg/kg) reduced the reactive hyper-
emia ratio by 11% (P<.05). Propranoclol (1 mg/kg) further re-
duced this ratio by 30% (P<.001). Our results indicate that
sympathetic beta influences work primarily through the right
cardiac sympathetic nerves. Also, the magnitude of the response
appears to be due, in part, to increased metabolic activity
associated with myocardial /gl receptors as well as vasodilation

through 4, receptors.

KEY WORDS: reflex circumflex coronary artery

propranolol practolol cardiac sympathectomy




Numerous studies have indicated that coronary blood flow
can be influenced by both the parasympathetic and sympathetic
nervous systems (1-6). Direct efferent stimulation of the
vagus nerve produces coronary vasodilation independent of
chronotropic or inotropic effects suggesting the potential
for a parasympathetic component in the regulation of coronar&

blood flow (4). More recently, }eflex vasodilation via vagal
efferents has been demonstrated to accompany injection of
veratrum alkaloids into the coronary circulation (7). Sym-
pathetic involvement in coronary blood flow regulation is
more complex. Evidence indicates that direct neural control
of coronary reﬁistance is partially mediated through sympa-
thetic alpha receptors located in the vessel walls (3,5).
However, vasodilation is observed during cardiac sympathetic
nerve stimulation. In general this dilation has been assumed
to be secondary to the increased metabolic requirements
associated with the inotropic and chronotropic responses to
myocardial g -receptor stimulation (6). Thus, in the intact
heart, the regqulation of oxygen delivery through changes in
coronary resistance appears to be dominated by changes in
local oxygen requirements. However, there is some evidence
for an intrinsic adrenergic vasodilator mechanism (2). Further-
more, in the cat, stimulation of coronary sC fibers has been
shown to decrease coronary resistance independent of changes

in the chronotropic or inotropic state of the myocardium (8).




Brief occlusion of a coronary artery results in a re-
active hyperemia response in which the flow far exceeds the
apparent deficit resulting during the period of occlusion.
This response has been linked to both myogenic relaxation of
the vessels (9) and to the myocardial metabolic requirements
(1,10,11). Whether or not the nérvous system is involved in
coronary reactive hyperemia has not been determinéd.

In the present study, we have investigated the involve-
ment of the cardiac sympathetic neural reflexes in modulating
the magnitude of the coronary reactive hyperemia in the
conscious dog. The magnitude of the hyperemia was determined
following one minute occlusion of the left circumflex coronary
artery. Control responses were compared to those after both
partial and total cardiac sympathectomy as well as after

selective beta adrenergic blockade and after atronine.

Methods

Chronic Surgery.

Twenty-six mongrel dogs weighihg between 10-25 kg were
chronically instrumented using sterile surgical techniques
under halothane (Fluothane, Ayerst) anesthesia. A left thora-
cotomy was performed through the.fifth intercostal space ex-
posing the heart and great vessels. The pericardium was opened
and a longitudinal incision made in the connective tissue over
the left circumfiex artery just beyond its origin. A 6-10 mm

length was 1ifted away from surrounding tissue and a balloon




type polyethylene catheter cuff, similar to that previously
reported (12) was piaced around the vessel. The catheter

was then sutured to the wall of the ventricle, thus, immobil-
izing it. A saline filled syringe was used to verify occlusion.
Both the volume and pressure required for occlusion were
determined. An electromagnetic flow probe (Zepeda) was placed
around the left circumflex coronary artery proximal to the
occluder in all dogs for measurement of coronary flow. During
imp]ahtation of .the occluder and flow probe, special care was
taken to avoid damage to cardiac nerves. This was accomplished
by instrumenting on]y-those dogs in which the‘circumf1ex artery
was located superficially and could be 1ifted away from.under-
lying tissue with minimal tissue trauma. Undoubtedly, some
damage was done to ihneryation of this seqgment of the artery,
however, the main nerve trunk was carefully avoided.

An 18-gauge polyvinyl ;atheter was placed in the Jeft
atrial appendage for measurement of pressure or infusion of
drugs. A second catheter was placed directly into the aortic
arch at the time of thoracotomy or into a carotid artery through
a cervical incision several days later. During the initial
surgery a loop of surgical suture (Tevdek) was placed arbund
the left ansae subclavia as they emerged from the stellate

ganglion, thus encircling the left cardiac sympathetic nerves (13).

In 8 dogs an electromaanetic flow probe was placed around the

ascending aorta and in 16 a solid state pressure transducer

placed in the left ventricle via a stab incision in the




myocardium. All catheters, leads, thread, and the occlusive
device were exteriorized at the back of the neck. Approximate\y
two weeks were allowed for recovery and, at the time coronary
occlusions were performed, body temperature and ECG were

normal.

Experimental Protocol.

ECG, blood hressure, heart rate, left ventricular pressure,
aortic flow and left circumflex coronary flow were recorded

simultaneously on a Beckman Type R Dynograph and Ampex tape

recorder using appropriate transducers, couplers, and amplifiers.

Coronary occlusions were performed by inflating the coronary
cuff with saline and occlusions were maintained for one minute.
In our experiments, one minute occlusions of the left circum-
flex coronary artery only rarely produced extrasystolic beats.
Un]ess otherwise indicated, experiments were performed
while each dog was conscious, lying on its right side unre-
strained. After control values had been obtained, responses to
selective cardiac sympathectomy were studied. Sterile surgery
was performed a second time in order to denervate the right
cardiac sympathetic innervation. In 3 dogs, only the left ansae
subclavia were sectioned. In 1]'dogs, both right and left were
sectioned. However, in 5 of these dogs the left side remained
intact until responses could be studied after selective riqght-
side section. Inm all cases the dogs were anesthetized prior .
to pulling the thread which encircled the left ansae subclavia.
Post morteum examination verified that all branches emerging

from the stellate ganglia were severed on both the right and
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left sidesi On each experimental dog, three responses were ob-
tained at 5-10 m#nute intervals. The average of each three
responses Was considered the mean response for that series

and represented a single response for statistical purposes.

Control responses as well .as responses after practolol
(10 mg/kg), propranolol (1 mg/kg) and atropine (0.1 mg/kg) were
obtained in dogs which had not undergone any surgical denerva-
tion. Responses after pharmacological blockade were also
observed in dogs which had undergone selective nerve section.

In every case 20-30 minutes elapsed between the last pre-drug
occlusion and the first post-drug occliusion. Three responses
were always averaged under each experimental condition.

Flow debt and reactive hyperemia flow were obtained by
measuring the area under the mean flow curve with a polar
planimeter. Percentage repayment of flow debt was obtained
by the method of Coffman and Gregg (14). Systolic and diastolic
stroke coronary flow was obtained by replaying taped responses
at a high recording speed. Systolic flow was obtained by
mea;uring the area under the coronary flow curve during aortic flow
and diastolic flow was measured during the remainder of the cardiac
cycle.

Venous blood samples were analyzed for dopamine } -hydroxy-
lase (DBH) in 3 dogs by the method of Nagatsu and Undenfriend
(15). Samples were taken prior to onset of coronary occlusion
and again immediately prior to release. In 2 dogs, the same

sampling procedure was used after administration of propranolol.




The student t-test for paired observations was employed
to determine significant differences in responses obtained on
the same day. Values obtained onvdifferent days were compared‘

by analysis of variance.

Results

Cardiovascular changes during one minute occlusion of the
left circumflex coroﬁary artery were not significantly differ-
ent from those already reported (16,17,18,19). Average peak
responses of all 26 animals studied include: heart rate
(+26 + 3 b/min), arterial pressure (-6 + 1 mmHg), left atrial
pressure (+4.5 + 0.6 mmHg), left ventricular dp/dt (-350 + 54
mmHg/sec), cardiac output (-320 + 55 ml/min), and stroke volume
(-7.3 + 0.7 ml/b).

Typical left circumflex coronary flow chanages associated
with one minute occlusion of the artery are demonstrated in
Figure 1A. Average replacement/deficit ratios for the 26 dogs
studied was 2.683/1. A comparison of systolic and diastolic
left circumflex coronary flow was made between control conditions
and the peak of the reactive hyperemia. At rest, systolic flow
was 21.5% of total flow. At the peak of reactive hyperemia,
systolic flow was still 21.5% of total flow. Thus, there was
no change in the relationship between'sy&td]ic and diastﬁlic

peak flow following one minute of coronary occlusion (Fig. 2).

Surgical Cardiac Sympathectomy.

Total cardiac sympathectomy was performed in 11 dogs in

order to determine a possible role of the cardiac sympathetic




nerves in mediating coronary reactive hyperemia. Sympathectomy
did not significantly change resting circumflex coronary flow.
However, these dogs did demonstrate much reduced reactive
hyperemia when compared with control trials. The averaged
control responses for this group was 2.61/1, replacement to
deficit, whereas after sympathectomy the response was reduced
to 1.67/1 (Figs. 1B, 3). The arterial pressure response was
not significantly different after sympathectomy but the heart
rate change during occlusion was significantly less after
denervation (+30.2 b/min, before; +9.7 b/min, after: P<.001).

Three dogs underwent celactive left sympathectomy. This
procedure did not consistently alter reactive hyperemia and
changes which did occur were small. The average replacement
to deficit ratios were: 2.38/1 before; 2.30/1 after section
(Fig. 3).

The right cardiac sympathetic nerves were selectively
sectioned in 5 dogs. In this group, the right ansae subclavia
were looped and the incision closed. Prior to recovery from
anesthesia both pre- and post right sympathectomy occlusions
were performed in the closed-chest dog. Responses were sub-
stantially less after nerve section in 4 of the 5 dogs (average
of all 5: 1.93/1 before; 1.48/1 after). The change approached
but did not meet the criterion for significance at P< .05
which was not surprising since the anesthetic apparently had
depressed the control response. After recovery from surgery,

reactive hyperemia in this group of dogs was significantly
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less than the presurgery control (2.25/1 before; 1.38/1 after)
(Fig. 3). As in the totally sympathectomized group, the heart
rate change during occlusion was significantly less after
right sympathectomy (23.0 vs 13.4 b/min, P<.01). Subsequent
left sympathectomy in this group had no significaht effect

on the response (1.59/1). Thus, it appears that the right
cardiéc sympathetic nerves have a direct role in regulation

of coronary reactive hyperemia.

Pharmacological Blockade.

The role played by specific cardiac receptors was investi-
gated pharmacologically. First, beta adrenergic blockade was
accomplished with propranolol in 22 dogs. Reactive hyperemia
was reduced to 1.81/1 (replacement/deficit) which was sig-
nificantly less than control (2.71, P< .001) (Fig. 4, Table 1).
As previously reported (17) there were no significant changes
in inotropic indices during coronary occlusion which could
account for the difference between pre- and post-pronranolol
responses. Additionally, since the fall in arterial pressure
during occlusion was similar in both cases (control -7 mmHg,
post-propranolol -9 mmHg), the difference in afterload was not
a factor.

Propranolol and cardiac sympathectomy have both been shown
to significantly reduce reflex heart rate changes due to coro-
nary occlusion (T8). Nevertheless, in this study, trials
from 8 dogs were found in which pre- and post-propranolol
heart rate responses were similar (less than 6 b/min difference

in peak response). These trials were compared to determine

/
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if differences in heart rate responses could account for the
difference in reactive hyperemia after propranolol. A sig-
nificant reduction in reactive hyperamia was observed after
propranolol (2.27/1 before, 1.62/1 after, P<.01) in these
selected occlusions even though there was no significant
difference in the average degree of tachycardia. Thus, heart
rate differences were not a major factor in the pre- and post-
propranolol reactive hyperemia difference&

The relative percent of coronary flow during systole and
diastole was determined after propranolol. At rest, systolic
flow was 21.2% of total flow. During peak reactive hyperemia,
systolic flow contributed 24.8% of total flow. Thus, beta
-eceptor blockade did not alter the phase distribution of
circumflex coronary arterial flow.

Vasodilation may potentially be affected by inotropic
changes secondary to increased sympathetic nerve activity. Prac-
tolol was administered to 9 dogs to selectively block myocardial
,31 receptors and, consequently, abolish any positive inotropic
effect. After practolol, the averaqe reactive hyperemia was
attenuated from 2.68/1 to 2.36/1 (P<.05). Subsequently, pro-
pranolol was infused and the reactive hyp2remia was further
attenuated to 1.66/1 (P< .091). On a second experimental day,
propranolol was administered first in 6 dogs causing a reduction
in reactive hyperemia from 3.07/1 to 2.05/1. Practolol was then
given and a further, slight reduction was observed (1.81/1)
(Fig. 4). Thus, although a metabolic vasodilatory effect was

revealed, the major influence appeared to be via the coronary
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A?z receptors.

Possible involvement of the parasympathetic nervous system
was also investigated. Atropinz infusion alone in 8 dogs in-
creased heart rate by 82 b/min and mean coronary blood flow
by 46% (P<.001). The magnitude of reactive hypefemia Was
reduced by atropine from 2.36/1 to 1.90/1 (P< .01). The subse-
quent addition of practolol did not affect the response, however,
propranolol did significantly reduce the response further
(Fig. 5). Thus, either directly or indirectly, parasympathetic
nerves also appear to influence the magnitude of reactive
hyperemia.

After administrat... of propranolol to those dogs which
had previously undergone selective left sympathectomy, the
reactive hyperemia was further reduced (Fig. 3). On the other
hand,‘after right sympathectomy, neither practoiol nor propranolio]l

plus practolol further reduced the degree of the response (Fig. 3).

Circulating Catecholamines.

The possibility that circulating catecholamines changed
during reactive hyperemia was tested by taking blood samples
from the left atria of 3 dogs both at rest and during peak
reactive hyperemia. Results indicated that circulating dopamine
,ﬁ-hydroxy]ase were not different between resting and hyperemia
samples. It has been demonstrated that dopamine /4 -hydroxylase
is released with catecholaminesand it therefore indicates blood
levels of catecholamines (15,21). These results indicate that
circulating catecholamines are not involved in the hyperemic

response following coronary occlusion.
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Discussion

Our results indicate that a significant component of the
reactive hyperemia observed,due to one minute occlusion of the
Teft circumflex coronary artery, can be accounted for by re-
flex vasodilation through cardiac beta receptors.

Factors influencing reactive hyperemfa are indeed complex.
Metabolic factors have been shown to play a major role in con-
trol of flow through the coronary vasculature although the
exact mechanisms are not at ail agreed upon (1,22). Myogenic
factors may also play an important role in the regqulation of
hyperemic flow (9). The nervous system has not previously been.
studied as a factor in reactive hyperemia, even though it has
been shown to produce significant effects on coronary flow (6).

In carefully controlled experiments, direct efferent
nerve stimulation has demonstrated neural control of coronary
vaﬁcu]ar fesistance independent of metabolic or myogenic
factors (3,4). Activation of the vagﬁs has been shown to
produce direct vasodilation and a concomitant increase in
coronary sinus PO2 (4). Our results tend to support this finding
in that vagal blockade with atropine did significantly reduce
reactive hyperemia. However, our findings do not provide un-
qualified support since atropine increased resting heart rate
and coronary flow dramatically in the conscjous dog.

Direct efferent sympathetic nerve stimulation has produced
both vasoconstriction and vasodilation. The vasodilation is

reported to have two components. First, sympathetic stimulation




has been shown td.increase the metabolic needs of the myocardium,
thus producing an autoregqulatory increase in flow (1). This

can be blocked by the selective /51 blocking agent practolol,
which prevents the increased metabolic requirements (23). In

our experiments, reactive hyperemia was less after practolol
suggesting that metabolic activity of the myocardium was reduced
due to the drug. Secondly, sympathetic nerve stimulation has
been shown to producé coronary vasodilation independent of a
change in metabolic requirements (8,23,24). These data support
our findings in that they demonstrate the potential for neurally-
mediated coronary vasodilation independent of metabd]ic changes.
Feigl (3), has demonstrated that during direct left sympathetic
nerve stimulation, alpha vasoconstriction is the dominant re-
sponse after total beta blockade. Unfortunately, such a phenomenon
could not be investigated in our study due to complicating alter-
ations in arterial pressure after'a1pha blockade in fhe conscious
dog.

One minute coronary occlusion in the conscious dog has been
demonstrated to have dramatic effects on cardiac performance
(16,17). This was true both before and after beta receptor
blockade or cardiac sympa’ comy. In each case, inotropic re-
sponses to coronary occlusion were not significantly different
from each other (17). Similar results were observed in the
present experiments. This suggests that coronary occlusion djd
not produce reflex changes in the inotrop’. state of the heart:
thus, altered metabolic demands could not account for the large

component of the reactive hyperemia blocked by propranolol or
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cardiac sympathectomy in our experiments. Direct right stellate
ganglion stimulation after practolol has been shown to increase
coronary blood flow without changing myocardial oxygen consumption
(284). Thus, an increase in selective sympathetic neural

activity associated with the reactive hyperemia could be a true
overpayment léaving.a reserve potential for oxygen extraction by
the myocardium.

Our results indicate that the efferent pathway for the re-
flex beta vasodilator effect lies primarily in the right sympa-
thetic nerves. Left cardiac sympathectomy, either before or
after right side section, has-no apparent affect on reactive
hyperemia. Right cardiac sympathectomy or total cardiac sympa-
thectomy produced a large, significant reduction in reactive
hyperemia. Such specificity of the pathway is not surprising
since the efferent limb of sympathetic mediated heart rate
changes in response to coronary occlusion and volume expansion
have been found primarily in the right nerves (18,25). This
may also explain why direct sympathetic stimulation seldom has
provided good support for a reflex sympathetic vasodilator
effect. In most previous studies, the left cardiac sympathetic
nerves have been stimulated (1,3,8,26). The majority of these
studies emphasized an alpha vasoconstrictor influence due to
left stellate stimulation. Ross and Mulder (27) showed an
interesting separation of effects between stimulation of the
right and left cardiac sympathetic nerves before and after pro-
pranolol. Before propranolol, end-diastolic vascular re-

sistance in the circumflex coronary artery was decreased by
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stimulation of either left (-26%) or right (-19%) cardiac
sympathetic nerves. After proprano]o],lleft sympathetic
stimulation increased vascular resistance 75%; whereas, right
sympathetic stimulation céused only a 9% increase. Such re-
sults suggest that alpha effects would be emphasiied and beta
effects minimized during left cardiac sympathetic nerve stimu-
lation. Further support is found in the study by Nay]ér and
Carson (24) in which right stellate gang]idn stimulation after
practdlol caused coronary vasodilation without a change in
myocardial 02 consumption. In this same study several
different /92 blocking drugs were used and in every case sub-
sequent right stellate stimulation caused a reduction in
coronary blood flow.

In our study, curculating catecholamines did not influence
the résponse to coronary occlusion since dopamine beta hydroxide
levels did not change. Lack of alterations in circulating
catecholamine levels during acute coronary occlusions has been
previously observed (28).

In our study, beta blockade did reduce mean coronary flow
significantly. It can be presumed that this reduced the
metabolic requirements of the heart either through a direct
effect on the myocardium or by blocking citculatina catecholamine
effects. Cardiac sympathectomy, on the other hand, produced
no significant feall in coronary flow. In this case both circu-
lating catecholamines and spontaneous release of norepinephr{ne
from postganglionic nerves in the heart may have been signifi-

cant factors. Previous work has indicated that in conscious
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dogs which had undergone both beta blockade and cardiac sym-
pathectomy on separate occasions, beta blockade caused
measureable reduction in inotropic indices whereas sympathectomy
did not (17). Thus, similar reductions in reactive hyperemia
due to coronary occlusion subsequent to either beta blockade

or sympath.ctomy in our study indicates an active vaso-

dilator component under neural control. This phenomenon

appears to contribute to the substantial over repayment of

coronary blood flow during reactive hyperemia.
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Legends

FIGURE 1 Left circumflex coronary flow associated with one
minute occlusion. The top trace is pulsatile flow, the bottom
trace is mean flow. Resting mean flow is indicated by the
dashed line. Part A is the response in the contfol state;

part B is after recovery from total cardiac sympathectomy.

FIGURE 2 Comparison of systolic and diastolic components of
coronary flow (CF) at rest and during peak reactive hyperemia.

The top trace is pulsatile aortic flow.

FIGURE 3 Effects of cardiac sympathectomy on over repa;ment
during coronary reactive hyperemia. Values represent percentage
repayment above unity. C, control; T.S., total sympathectomy;
L.S., left sympathectomy; R.S., right sympathectomy; Pp, pro-
pranolol blocked; Pt, practolol blocked; .001 p value compared

to preceeding observation.

FIGURE 4 Effects of blocking agents on reactive hyperemia.
Statistical comparisons are made with the preceeding value. C,

control; Pp, after propranolol; Pt, after practolol.

FIGURE 5 Effects of blocking agents on reactive hyperemia.

C, control; At, atropine; Pt, practolal; Pp, propranoiol; **P< .01

compared with preceeding value.
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ABSTRACT

In anesthelized rabbits, peak reflex tredycarsia ( A HR) and
depression ¢f mean arizrial blood pressure (A MNAZ were measured
during maximeal ceniral stimulation of the left acrtiz n2arve (LANS).
Responses were quantified; (i) before and during s'zeaz'y. state changes
(+ 15 mm Hg) in the isolated carotid intrasinus pressure {ISP), and (il)
with ISP excluded from the circulation an¢ meaintairac¢ at a normotensive
level (EP = ISP = MAP) the MAP was changed -~ 20 == Hg by the infusion
of either nitroglycerin (NG), lysine vasogressica (:D=) or phenylephrine
(PE). Results indicated that within + IS mm Hg cf Z?, the change in MAP

per mm Hg change in ISP was 3, while & NAP cue 1z LANS changed nearly

double per mm Hg change 1n ISP, Fcllowing vazotz—+ 2 small increase

n

in MAP was seen, however, cardiovascular rezgon:zzs to changes in [SF
or LANS were uneltersza. During druc infus.2n with iz carotid sinuses
excluded from the circulation and 18P = T2, =ca - =3 and A MAP to

LANS were independent of the directicn or mesnituss

change in MAP. When carctid barorecenis
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increase in MAP, the seak A HR ancd A MAT respinz=s 1o LANS were
significantly reduced. These results sugges: ¢ hiz- zecree of sensi-
tivity of the carotid sinus dbaroreceptors &ro.~7 "€ 3n.mal's normotensive
region and that activity from these barorecegiarz czn mosify reflex vascuiar
tension even in the aksence of significan: change = -2art rate or artarial
pressure.

Index terms: Etarors’fl
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INTRODUCTICN

vescular responses to

0.
<

Many studies have characterized the heart en

a wide range of controlled pressures in the isolatcz carsiic or aortic sinus,

e

and defined the resgonse relationship as the szens:t.w ity of the respective

baroreflex syswem (1, 5, 6, 8, 12, 13, 21, 22}). Recent studies have charac-

terized low gressure cardiogulmenary mechanc-recsztors (2, 11, 14, 15, 17,

18, 19, 20, 25, 26) which, when activated, may &.izr e—eria] baroreceptor

— ——

sensitivity. Vatner,et al. (27) found that :he rei.z: hezrt rétec response to

a pressure challenge was reduced during venous vsi.me ic2cding and suggested
that the set point or gain of the arterial barcreilexzs wes altered as atrial

pressure was raised. Indeed more recent szudies 1<}, meve indicated that
volume infusion may actlally have & cirect =fizct -o the erternial barcreflex
through subtle cardicvascular alterations. This wis agcarent winan infusion

aittenuated reflex responses to leit soric nemre ziim_iadt.an VLAN3 were

abolished f{cilowing carotid sinus barorecsgior 227 z--2tizn Zut act vagetomy.

Additicnally, since heart rate (ER) and mzar emeriz) zrezz.res (MAP) were
nc: glters2 v infus:on, the usuel assumziizn "ol 2 2lience 2I a chenge
in HR cr A7 is an 1ndication 9% a constent Zarot.f L 2rerzcesier input may
no: te veaiid. Tor this reason, it was posiu.3is2d tnzt the carztid sinus

baroreceptors are able to detect suptle chanzesz 10 zr=ssors ¢r volume whica
may leaz tc zijtered reflex sympathetic efizrznt aciir i witncut significantly

gltered crierial gcressure. This may lead 1o chznzés (o czrziid sinus




The purpose of this study was to examine th.3 -ostulate by determining
whether or not reflex HR and MAP responses 1o _allS zre altered as a re-
sult of @ change in the carotid sinus buffer:ng 2ci.v:2v. Responses were
quantified firstduring controlied carotid sinus creszure 2isturbances with
a physiological range of normotensive arieriai ;re.ss'.:es. Then, vaso-
active drugs were used to change arteria! presszre Z:-irg conditions in
which the carotid sinuses pressure was hels constzn: ard then subse-~

quently allowed to compensate for the drug inducel c-an3e in systemic

blood pressure,

METHQODS

Twenty-two rabbits of either sex (2.7 = 5.2 -z ware anesthetized
with sodium pentobarbital via an ear vein {Diebutal: “izmond Laborateries,
Inc., 30 ma/kg IV). A light level of surg:ca! 3n2s1-2:2.2 was nainta:nsd
by supplemental administration througn a canrn..2te: Jzmorél vein. Tha

dezcendirng aorta (via femoral ariary) and tns riznt zimoum (viz the jugoler

vein) were aiso caanulated and conneciec 2 J:3the~ S22z &nd P2IES
strain geuges {or recorsing of arterial ang risnt 2triil 2222 pressures,
respectively, Hear: rate was reccorded vic 212zl n=2:112 2leciroces con-

nected tc a Becgmean 324B cardictachcmetsr cz.z.er. z!'¢2d pressure and

heart rat2 were initizlly recerdeZ on & Becuman -4l Tz zillozrazh with
parallel output signals to @ DEC POP 8/E Zig:iizl cc~z_:i3r. The trachen
was cannulated via @ tracneostsmy and eacn 2@, zrzalhed spontane-
ously throughcout the evperiment. rreqguern: sTel. &ri:r.2i olocd sampies
#~cre analvzed lor pCy, ;:COZ ard pit oné& Zecimz2n 1L 13 bleosz gas




analvzear to assure maintenance of ghysiolosical (2ve'ls for blocé gases and
pH. Through a midventral incision, the left arnd riz=t acrtic anc vagus
nerves wer=s lccated in th2 cervical region, caref.llv :soiated from sur-
rounding tissue for about 1 cm, and loczed with z !zcse thread for identifi-

cation pricr to sectioning.

Carotid Sinus Isolation:

A modified Moisse)eff technigue was used :c germit reversibie isola-

tion of & carotid sinuses from the systemic circulzticrn {21, 22). Both internal

carctids were tied at approximately 0.5 ¢cm irem t-eir zoints of origin. The

external carotid artery was carefully isclated tut remeined zeaient. All cther
small vessels were ligated. Following hezgarinizziizn (4 mz. kg iV, 130
units/mg, Hyason, Westcott, Dunning., inc., Zalntmore, Maryiand 21200
the carotid arisries were cannuiated belov: ne sin.s vwith &n zNireserpores

tccp. This permitted seif periusion of (a0 zincs 27 tnz Zerziiis or rever-

sible gressure regulation of the sinuses iz an 2lsz:27 zrezszora tottie

alter ccclusion of the external carctis grierizs. ncer z2ll zoni.tions
intrasinus pressure {(ISP) was mcnitlores =y & Zresilrs ranssozer in the

extracerooreal sysiem near in2 sinus.

In moest animals, the sensitivny ¢l tne carziic c.nus rellex tn the
control of MAP was evaluated at + |5 mm Hc zf ths zguilioriam pressure,
This was dcn2 by cbserving the reflex cnangzs in 37223y s1z:2 LIAT as

a result of smeall steg chancges in the 15¢iztes Carsiiz Zinus gressure,

Thus, when holding ISP constant, it was gs3:imaz -21 1n2 zenstivity cf carotid




sinus was nct altered during that portion of the experimer:ia! zretocol.

Nerce Stimulation:

Both the right and left aortic nerves were cut ani the central end of the

¢y

left placed on tipcler hook electroces, pletinum-irniim, f2r zlectrical stimu-
lation (9, 18). When not being stimulatgd, the nerve '.-:es‘_:lace:' on saline
soaked cotton to prevent drying. Responses tc left zcriic nerve stimuietion
(LANS) were observed both with the carotid sinusas .n the circulation and with
them isolated and their pressure maintained ccnstari &z the cradetermined
eguilibrium pressure, Responses to LANS were czteinzs cnder the abeove con-
ditions beth before and after vagotomy anc af:er Zru: in2.7ez zlteretions in
blcad pressure (sce below).

Zlectrical stimulation was generated. via @ Gras: I3¢ stimulzicr activeted

by the Schmidt trigser of the computer whizn w22 s Znrznizac with the R-

< jTalali 3 ~ ST~ e il - 3. &
wave of the ECG (10,23), Regulaetion of the stimolu: somins @na stimuius pare-
metsrs, as well as continusus cailculetion oI o2 [zrii- 7 237n FeRinisrve. and

Deal-t0-bE3t mean arterial end mean intraS.nuI DT2Iiocs, warz 2sTomc.isned
- - =~ c i e E—m—— - — - - - —_— ™ A o - 4 -
u5inT the comguter and specicl comoputler grogrim zviiz i, Discristion of “he

eicctricz! stimuletion paramsters USeC in én smzzriminizlrial inoinis swedy

129 zardize cycles, each ourst 2f eleciriczl zoilv.ys wzz maZ2 up ol ten

sdugre wave impulses (ten volts) inserted 1D mo=z citsr tne rezcrizd R-wave
‘ L /

£ 12 ECC. The impulse duration was J.% massT. 4r. Ztimoicz {raguency was




Driog Infusions:

In ten aortic denarvated animals, after octeining control Zata, reflex
cardiovascular responses were swudiad following sysizmic infusion ci a
pra2ssor or decressor 4rug to ontain a small {aporox. 29 —m Hgi nise cr faill
in steady state MAP. Drug infusion was initiated {Hervarc syriace pump:

Harvard Apparatus Co., Inc., Millis, Mass) with the carc:id sinuses

isclated frem the system and held at a pressure ecual ‘Z?) <7 the contro!
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mean arterial pressure cf tha: animel, Following the sieazy

in systemic ar:erial pressure induced by the vascactiive 2
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stimuleted. Following reccvery and while drug infusizn coniinced &gt a
steacy rate, the animal was allowed to perfuse nis own czrgiic sinuses

(carctid sinuses were included in the circulaticn ) enc LA slimuiation re-

peai2d., Syste2mic arterial pressure was incr2aszeld -y TV iniczizn 2 ohernvie-
phrine nydrocaleride (Winthrop Laboraicries, Zuvizion 28 Stzrlins Trogs, Inc.

3 L NaFal
i

New York, NYi ysing vasceressin (Sandez Frarmatzutital, Zancver, N

-

or

Decreases in systemic arsrial sressure "vers grosucss oy OV oonizsian of
nitrozlycerin (Bl Lilly & Co., Indianapcolis, nZizng), I3lzes 'were 3C-
justes {cr desired effzct (volumes, tim2s ans emounis are 132o.2722 10 T32ie
1). All vaelues are regormed 2s & mean or meaan differsnce = 1ne siandard error

el = - -~ oD - S v = .~ -~ am e -~ - o -~

i o = Rl =T arA~ L - = -~ - o =T - = - oy

Lne svIrézsT mo 32 . SiaeZ 1TZotn . etz Il .o
—— N




2t acrtic nerve stimulation (LANS) sre summarized in Table 2.

A

itk w3z inizcr, emciuiing the carctid sinus from the circulation at equili-
Toium przzsore increasad the macnitude of the reflex sracdycarcia cdue to LANS

from =41 13 =30 beats/mun. Removal of the vegi cecressed the magnitude
cithe rellzx zradvcarsia when the carotid sinuses were incluced in the
¢c.rcuiatica, but had no significa‘n: eifect when the sinzses were excluded.
~nus, rzczr2iess of whether or not the vagi are irn:ac:, the reflex HR response
=2 1S iz =rnhanced when the carotid sinuses ere zraventec Ircm sensing

t-e refiax imd.ced changes in MAP. Excluding ths carotid sinuses from the

ev fail in MAP cdue to

-
O
o]
e
-y
[t
)
(V]
'

c.rculaticn —ed a small, significant effec
- a2

_ANS, exieni.ag the fall from -48.252.5 mmEg tc -24,7+2.2 mmHg (5 <0.03).

the smallextension of therefiex izl 1o AT wes not sicnifican:.

T.a3l grozzsre ro3cons: to lelt
Inosrisrto evalldi2 NowW Changses in CRrgIiig Iinui Tressura méy altor the
f2Sgonfe Iz 3cIriic nerc2 stimulation. 028K CN3ngse (o oErierislozrassure anc
mszrirziz orzsconsss 1o LANS were Soserved 23 oSrEssorzoan tho iso.aied carsus
3.m2% w3s zltzred qnoesigarrakiits ‘Tzl tand L Trozzure wlinin the gsinue
w3s &.1zrzT in small zileps zetween - I mmis 2f inz.zzulliinicm grassure for
szen znio 3L, TATithin this rénse thers was a ne2r linszr relzlionship petween

227502 zin_z zrassurz and e pean faliin NAT to LRNS. Thus relastionship
2§ 2ot .23 intseven of the same animels Izilcwrinz vazoiomy. Thus,
TISZL.ETULE 31237 ZUii2 ZTIaNCE n TorouS Lntr3EinL3 oressurs rasuited in

tzilz mozll Tatica ZDine ErtErl3l oCresdure reSTCrnIzIotT 3CriC nere
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stimulation. The extent of bradycardia curing ZANNS, hzwever, was unaltered

-

. -

during » 15 mmHg changes in ISP arcund the ec.il.zriam presscere, Furthermcre,

while vagctomy reduced the peax bradycarcia (2 LAN3, no relationship of peax

[T .

bracdvcardia 1o ISP level was observed fcllcw.ns vazzl zznervation.

)
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The effects of cressor and deoresscr agernts £4 The LILR refla:
LANS stimulation: ;

-y T - w—

Lvsine Yasooressin {ADH): With the cerctis sin_ses exluded (Ex) from

the circulaticn, the intravenous infusion of AZX (z ~or-specific pressor ageat)

was adjusted tc increase the MAP by about 27 mm=g, 'zv. 985.7-3.0 tc 112.1-

3.6 mmHEg) (Fig. 3A). Subseguent reflex fail .n LILF ic ztim:lation cf the
aortic nerve {LANS) was not significantly chanzzd ‘orzinfozion =-56.0+3.4
anc curing infusion =51, 0+4.]1 mmiig, rescecivel VUoin o the inivsion mewn-

tainec, the carotid sinuses were inclucdes (I Zaz« nic 1me fystemic curcuiation.

Mean arteriel oressure tnen decreeTs o illLI - DLf mr D2 welds not fig-
rificently dilleren: from the preiniusicn walos (22, - 2.7 mmEq), However,
Juring drug niuson in the (1) conditicn, Th2 r2ilz LAY rosoornss 12 LANS
w~as signilicznily less (=31.3 = 3.2 mmHE: fcmziarss 12 ine rzipconse zrics
tcarug anivsicn =51.8 = 2 mmHzS

[l HIRS ; - — . - . : . : ’ P T

Phenloznarine: A constent intravenc.:s nl 3.0 21 o-2ny.ezhrmine (FL,
with tne carcud sinuses excluded from ne CirzLlst.on, ncressel the NAP
from 9€ - 1.2 w0 118 = 2.¢ mmHg Fig., 3C . Unizrimz:zz conziucns, the
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carziid sinuses included in the circuia%ion and the .~ius:icn of PE maintained

-«

was-30.4 7 1.3 mmHg which was also significen:ly less than tha: chserved

during LANS gricr to PE infusion with carciid sinuses included in the circulation.

g}

Nitroaolvcerin:  Nitreglycerin (NTG) infusic

2.3 mmHEg (F< 9.09). Including the carziid sinusezs inio the circuletien

s HS
resTecliveiv.,
T 21 megee ilm NIAT ea o T s e B
(NOZaL BTITNe3 A7 WES SiCniilTont R Z ITZILCT.IAn LIS.ITWINTG
am - Wmernroap g ralisia AT enge nm sz s = o < ez
JZZLICTy, nowever,ine relallive sy TESIIn Iz oD Ll Zoslnes
P D AP ~liziAm me~ T N - - e -z e s
TTZEZUlE, SES23CLWve CrlC LInILZITn L0 -l s ZToL.LersE oo s CczoiozErsls
SrEvVasCIviny ToSZIASIE,
FF R c e mm - e m TIT e it e mm i mam ea TANTT eiem i taag e
L2 2100 T nress sl 3Tenle I = o It T2l I U0 el SUITTLI2T1
S gy € Af LN e s mm e s mlmrietn ttam mececinl mesGQiies &
IRt ognly JAS LNILSIONE QL s nolL SI5T LT LU EID e ErlZIlal ogrzssurs to
Mo mie e < . P Ammemazrs cm mammen s i
thz acove drzirec jewvel, resultoz in 2 2oZr2zxiz inonezartrot2 (Fig. 3D)
U - b s - sAe PR B Tyl ~e
2VESn INCUTT NS Tarstic SinusSEE wWErNY S 2 JUT LTI, acLudcing
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DISCUSSICN .

Results of this study demonstrate ihé: tne rellax resgonses to left
aortic nerve stimulation (LANS) are degencdznt uzcn the steads state carotid
sinus gressure. At intr2szinus pressures (IS7) 112 (3 mm Hg zzove the
equilibrium pressure (EP), were ISP anc M=? are esual, the reflex fall
in mean arterial pressure (h/IAP} during L~MS was ciminished. At ISP levels
l to 15 mm KEg below EP the responses toc _AliS wars 2nhanced wnen compared
to responses during control conditions,
to LANS, as seen during pressor drug infusion, raquired exgpesure of the
carotid sinus barorecepter to pressures in excess cf 13 mm Hg aigher than
EP. These results suggest that the STt thresnoil rrezsure for rascular
change in the raboit is in the normciensivae rzzicn wnils tnat ‘ar neart

rate chence is higher., Such {indings ere ccnzisiznt with theoss creviously

reported Ior the dog (1, 4, 6, 21 aend tnz reizit Zhsn 3t xl, ogubiisaed
observaiions).
When biiateral carztid sinus cressiurs was e ld Czonsian: and exzluded

$ M . H 4 M - P - - - - - - VR gt m - . .
from the circuletion, the cordicvosculer resgonsss 12 LANS were inderend-
ent cf the

fADH)., Whren the carciid s:nuses wereg 2!

pressure change, systemic arterial zreszure rgiurnes z.most 12 e sontrol
level. Now retlex fall in LIAP due to L2MS wes :.znllizaniiy reiuces whnen

comgéared (o the greinfusicn conrsl ressornszs, Thaza resulis zuggaest
that the reilex adjustmenis v tne Ccarst.s 2ino3 w-.o- Z2crezss 3merial

. drcemy s el I B Y S c m e A e me. - vem > - -~
creszure Juring ADHE [nfusionresulied n 2 nztrazoziion in vazomeor:
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During phernviepnrine (PE) infusion waith (m2 -z2r25id sinuses isolated

[{1]
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3
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at eguilizrium pressure, the average MAP rcse sigriilzzns
in sharp contrast 1o those during ADH.infusion. Fz-=zxzcsing the carotid
sinuses to the systemic pressure, during PE inizsi:n, rssulied in &n ad-
diticnal attenuation of the MAP respcnse to LAMNS, Treiz results suggest
that, unlixe ADH, 2 nonsgecific vasocenstricicr, -z lepnrine creduces
an increase in. arterial pressure by ccmpeting with norezineznrine Ior

aipha recepicrs. Consaguently, when sy
withérown by LANS, the available prenvleprrins ¢cctoci2z mrore rzzegter

sites and tne refiex izll in arteriel pressure (5 Jim.ioz. T-ie imitziion

is also ctsarved when the Carotlid sinusss &rg —arm.nlsl TT 21tgmiiosore-
flex cecrease in LUA? during PE infceslon, Trnos, in -2 orezsancs oI suk-
stantigliy reduced sympatnelit cutpul TS rgEisIincs UsIlsiz, furinar
witndriwal sue 1o LallS apcears to La aven 23z,

Attanuetion ofitherefilsi ZR resoonse Curons -8 o TZ o infusizns
vwere aizc coserved when tne carotii 3inas wars inIl_sIl LniT ine Cir-
culatizn., Unlike tne NAP resgenses to LAIVS cossrsoz sruih P2 infusion

&
N0 aitenuaticn was opse~ed tn the HR rgseoniae 1o LAIID w2 m2 carond
sirnuses were 2:Ciudeod frem the Ccirculaticn, iercirs ZI2.inionil s.goom
for the zizhe agonist 2lfect cf PIL in EfZalion, BliT LAt JaTStoTyoTeluse
thz magnitode of the reflex WP resoonge, ULt At ILtLiiziUer 2LlEr ine




T —
12
cecree of aitenuation ¢f the HR resconss 12 tng grs2s=r agents when the

stid sinusss were included inthe circulzticn, T-.:, the attenualion
cithe HR reszonsa to :.‘-sNS occurred, egsarsnily o= ceconcdary result
{7 31nus &djustments to the pressurz tacre1zas which raduced
svmgpathetic efierant activity (7). The zzrzsvmpei-z:.2 ccmoonent for
rellex heart rate change was app.arentl'y “nEiterec. Th.s agrees with a
crevicus stucy in which the attenuation 2f 1n:z X7 resgonse to LANS durirg
volume loeding was alse found to be deg=rizent uzcn ne svmpethetic
eflsrent ac'tivit'/ (24).

Intravenous infusion cf nitroglyceri~ 1/T3) r2s..:22 in a fall in MA?P
when the carctid sinuses were exclucdec rzm tne fircuo.2iicn both befcre
and following vagctomy. The reflex fall in
Cantiy &éliered curing infusion when the raszonzes wwirs Zomrearii ic zre-

LnI4SIon vasues, EX;OS‘J!’E Ol Ine Carolil I.M.3<: T2 L .o noutac LIz~

tensicn causaz 3 significant mss in arisr il oresilr, Eowsver, LIAP
remeined scmownat requced Loofrt.nilzlon conitsiovalues,
In 2Z4itizn, the rellsi foll in erterizl grozszre oo: 1o RN zuning NTG
inllsiza, wnue the C2rolid £imds83s 3eniz IVETS LI ITS3E.r2, W3E gt
zignificantiy difizrent from the conirgl 728727338 ~o.or w2 2rog nlusion,
wnen the cerotid sinuses were 1Inciuded Lo In2 CurtolxliZn, Those resuils
would not have been gredicied {rom theo s3rlisr TLrItld sinus idoiaticn
2at2 (FTig. 1A,3)., Thnatis, wnth carctid sin.3 Zrzli.r: Conirslied, .t wWes
Cemznztrited 1nGT prassure rospanias i LSlIS wErs ssmznioz runing low
Car2tid Sinus zrassure ang diministed 210,30 SIrItio o iimus gressures,
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This relationship was linear within the near normciznsive range of
pressures tested. From this relationship, one would expgect that when
press'ite was lowerec ‘::y infusizon of @ nonspeciiic rasadilator, such as
nitrcglycerine, thers would be an ennancemert of 1ne vascular response

to LANS. This was nct observed. This discregansy is ‘:'urt'ner surprising in
view of previous results from our laboratory ian which the reflex HR and MA?
responses to LANS were significantly increesed af:ar tctal arterial barore-
ceptor denervation (24)., In this earlier work, totz. zrterial barorecepter
denervation significantly increased the resting M:i? indicating & higher
initial sympathetic efferent activity. Important, -owever, is that under

conditions of total arterial baroreceptor dererveticn, the carctid sinuses

N

cannot reflexly adjust to the falling MAP gurl

vS. In this study, with

,,
8]
@
i

the carotid sinuses isclated, with ISP held &t EP, :niusicn ¢f NTG resulted

in @ relatively sma.i Cecrease {n MAP,- It 15 unliuzle tnen, that this droo
in NAP whan detected by the intact carcild kbarzresesisrs rez—itsd in an

durning TG infusion., Thereifore, & cossic.s zwziznzuion,sl the apgarent

/
contraciction cf the responsas to LANS Zuring WT7Z nissicn to inose tre-
dicted may 2e dlffzrences in compeniatory macneniims werning when
gressure is iowerdcd o vascdiletion versus twisn il L3 raised Lv vesccensiric-
tion. Thet i3, 1n the case of carntiz 3inus 23:zt2tion 12 @ Zreg~induced
fis2 in cressure, the net 2ffect (s & redoct.on LnofariToEral svempathetic
icne. Subsz2aguently, further withdrzwal oI Sorigraril 3vmpainetic tone




e
through 3ortic nerve stimulation would be less =fleciive 25 incicat2c by our
resuits, This response would result from @ comzinziion of the intig!l lower
resting sympoatheric tone and the buffering eiizct ¢ in= carotid sinus es
cressure falls. However, when pressure is :cwwarel = 2z wascdileicr and
cartially ccrrectecd v the carotid sinuses gerignare. svymzathetic ectivity
.5 elevated. LH\IS causes withdrawal of sympainei.c suiput zut as gressure
fails, the decrease in carotid sinus activity cprcsois the symzéthetic with-
irawal ancd tends to prevent an enhancemsnt cf tne zil2ct grecictes at a
reducec {solated carotid sinus pressure.

Heart rate responses to LANS were nc: &lz2rez 2ue :¢ NJG when re-

censes during infusion are comparad to zpzrozria

crior 2o infusicn, either before or after veczizm s, Trnzssg rasclts werse

essenticlly expected wnen one consicers tnsz r=su.t: ol ine nsarmrele
2rnd bradycardie resconses to LANS Curing tne sma.. -n3ntes noiscizted
carctiz intresinus pressure @s cdiccussesd sariler

Tingliy, the =32 of vesoactive tharmzczl Téw Lnolve
zirest 3o ingdirect eifscts wnich Scoulid rzsull in miIrs Somcler intereciicns
inenciccuzsed gIcve. FOr eMamzie, gCiIsirls InoIurrEEulls Zuring
1ITG infusicn could inciude a direct effeci 7l irnz Cr.7 ornothe smocin muscle

R - - - = - - - = e - -

Jcnligareiiin cf the near Z)" narcrecazicr ::3 =123 3 ozltersd reilex
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°E same S04 103 ©.86+0.9
NTT o= nitroglycering ACE = lysine vaszgressin; FI = ononvleznrins nidro-
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Lecerds

FIGURT 1 Negnitude of the P21l in mean arterial gressurs fALIAP) resulting
frem left acrtic nerve stimulation {LANS) during contrs! =7 ta2 carctid intra-
sinus gressure (IE5) in eight rebsits before and severn 27 szme after vagotomy.

Each symbcel rezresents respenses of one animal. Resrcnsss were normelizecd
between animals by setting the equilibrium pressure IF , where ISP and MAP
are egual, of each animal to zero. Regression znaivy:z.s inZicated a significant
. N

leval cf ccrrelation of AMAP to ISP within T 1S mmEg 27 2P z2th tefcre and

aft er vagotcmy, see graphs for equations ard cceflici2nts, respectively.
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